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CHAPTER 1: GENERAL INTRODUCTION 
Corn production is very important in the Midwest due to the acreage planted each 
year and its role in the economy of the region. Nitrogen is an essential plant nutrient and 
fertilization is important for corn production to produce high grain yields and acceptable 
profit. Recently, an increase in production costs of N fertilizer has reduced the profitability 
of high rates of N and makes necessary adjustments of fertilizer rates and time of application 
to obtain better economic returns. Excessive or inappropriate N fertilization could encourage 
losses of N mainly by leaching, volatilization, and denitrification. Losses of N through 
leaching increase the risk of contamination of ground water and surface water resources. 
More accuracy in management of N fertilization each season, both in the amount applied and 
timing of N fertilization, is needed to prevent reductions in com yield and increasing 
environmental pollution. 
Determining the amount of N to be applied annually is a complex task. The amount 
of N available in soil for plants is affected among factors by soil organic matter, crop residue 
amount and composition, rainfall, temperature, the amount, time, and method of fertilizer 
application, and crop rotations. Crop rotation compared with monoculture reduces use of N 
fertilizer in corn production when a legume is included in the rotation because legumes 
improve, among other soil properties, the amount of N available to corn. The most relevant 
corn rotations for Iowa and the Corn Belt are corn after soybean, the most widespread and 
most important by far, followed by continuous corn and corn after alfalfa, although often two 
corn crops are grown after alfalfa or soybean mainly in dairy areas. The information 
available indicates that corn N fertilization needs are in the order continuous corn > corn 
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after soybean > corn after alfalfa. Environmental conditions, especially rainfall and 
temperature, affect the performance of crop production systems. Although corn is 
extensively grown in the Midwest, there are few analyses of long-term effects of rotation and 
N fertilization on corn yield stability over time. In addition, there is little information about 
effects of N fertilization on yield variability over time caused by environmental variation. 
Time of application can have a major effect on N use efficiency. Application of N 
fertilization in fall for corn production is a common practice in Midwest but this practice 
could increase the probability of N leaching with early season precipitation. 
Strategies for improving use of N fertilizer and reducing NO3 loss include using soil 
testing. The late spring nitrate test (LSNT) is based on the measurement of nitrate-N 
concentration in the 30 cm surface layer of soil when the plants are 15-30 cm tall. This test 
has shown reasonable good correlations with yield response to N fertilization. However, 
there is not enough information comparing LSNT levels or critical concentrations for corn 
grown after different crops in the same location and growing conditions. Also, there is 
insufficient information about the effect of crop rotation and N fertilization rates on LSNT 
results over many years of cropping and fertilization at similar N rates. Therefore, 
assessments of the long-term effects of cropping sequence and N fertilization and its 
interaction with environmental conditions on LSNT levels, yield and yield stability could 
help to improve N management, reduce production costs and N leaching. 
The objectives of this study were to (a) analyze effects of different crop sequences 
and N fertilization rates on yield, yield stability, and response to N fertilization of corn from 
two long-term studies in Iowa; and (2) evaluate the effect of several crop rotations and N 
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fertilization rates for corn on soil N nitrate concentration and the performance of the LSNT to 
assess N availability for corn in several cropping sequences. 
DISSERTATION ORGANIZATION 
This dissertation is organized presented as two papers intended for publication in 
scientific journals of the American Society of Agronomy. The title of the first paper is "Corn 
Yield Trend and Stability as Affected by Crop Rotation and Nitrogen Fertilization". The 
second paper is entitled "Effect of Crop Rotation and Nitrogen Fertilization for Corn on Soil 
Nitrate concentration". Each paper is divided in sections that include an abstract, 
introduction, materials and methods, results and discussion, conclusions, references, tables, 
and figures. The papers are preceded by a general introduction and are followed by a general 
conclusion. 
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CHAPTER 2. CORN YIELD TREND AND STABILITY AS AFFECTED 
BY CROP ROTATION AND NITROGEN FERTILIZATION 
A paper to be submitted to Soil Science Society of America Journal 
Enrique Ortiz-Torres and Antonio P. Mallarino 
ABSTRACT 
Increasing concerns about cost and environmental impacts of N fertilization require a 
better assessment of long-term effects of cropping sequences and N fertilization on corn {Zea 
mays L.) yield. The objective of this study was to analyze effects of cropping sequences and 
N fertilization on yield and yield stability of corn in two Iowa long-term rotation 
experiments. The experiments were near Kanawha (20 yrs) and Nashua (26 yrs). The N 
fertilization rates were 0, 90, 180, 270 kg N ha"1 applied only for corn. Rotations in 
Kanawha were continuous corn with spring N (Csp), continuous corn with fall N (Cfl), corn-
corn-corn-oat (Avena sativa L.), corn-soybean [Glycine max (L) Merr.], corn-soybean-corn-
oat, corn- corn-oat-alfalfa (Medicago sativa L.), and corn-oat-alfalfa-alfalfa. Rotations in 
Nashua were continuous corn (C), corn-soybean, corn-corn-soybean, corn-corn-corn-
soybean, and corn-corn-oat-alfalfa. Corn yield was higher and yield response to N was lower 
in the order corn after alfalfa > after soybean or oat undersown with alfalfa, and after alfalfa. 
There were no significant differences between response to N of continuous corn and second-
or third-year corn after soybean. On average, N rates producing maximum observed net 
returns ranged from 270 kg N ha"1 for corn after corn to zero N for com after alfalfa. At 
Kanawha, Csp yielded 8.7% more than Cfl on average across N rates, and the highest N rate 
used did not achieve the maximum yield of continuous com with spring N. Corn yield across 
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time was higher and more stable with N fertilization and when legumes were included in the 
cropping sequence. Observed maximum net returns to N increased over the time due to 
increasing yield levels but the relative response to the different N rates did not change 
consistently over time. 
Abbreviations: a, alfalfa; C or c, corn where a capital letter refers to continuous com or the 
com crop studied within the sequence; CA, com after alfalfa; CC, corn after corn; CCO, 
second com after oat; Cfl, continuous com with fall N; Ccco, first com after oat; cCco, 
second corn after oat; ccCo, third com after oat; Cccs, first com after soybean; cCcs, second 
corn after soybean; ccCs, third com after soybean; Ccoa, first corn after alfalfa; cCoa, second 
com after alfalfa; Ces, first corn after soybean; cCs, second com after soybean; Coaa, corn 
after 2 years of alfalfa; CS, corn after soybean; Cs, corn after soybean; Csco, corn after oat; 
csCo, corn after soybean; Csp, continuous com with spring N; QP, quadratic plateau; LP, 
linear-plateau; s, soybean; o, oat; 
INTRODUCTION 
Corn production is very important in the Midwest due to the acreage planted each 
year, the amount of N applied, and its role in the economy of the region. Corn in Iowa 
occupied 49 % of the cropland in 2002 (USDA-National Agriculture Statistics Service, 
2004). Nitrogen fertilization is important for com production to produce high grain yields 
and acceptable profit. Recently, an increase in production costs of N fertilizer has reduced 
the profitability of high rates of N by farmers and makes necessary adjustments of fertilizer 
rates and time of application to obtain better economic returns. However, not all N applied to 
soils can be used crop plants. Excessive or inappropriate N fertilization could encourage 
losses of N mainly by leaching (Gentry et al, 1998, Andraski et al., 2000; Diness et al., 2002; 
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Randall and Mulla, 2002), volatilization, and denitrification. Losses of N through leaching 
increase the risk of contamination of ground water and surface water resources (Howarth et 
al., 2002). More accuracy in management of N fertilization each season, both in the amount 
applied and timing of fertilization, is needed to prevent reductions in corn yield and 
increasing environmental pollution. 
The amount of N available in soil for plants is affected among other factors by soil 
organic matter, crop residue amount and composition, rainfall, temperature, the amount, 
time, and method of fertilizer applications, and crop rotations. Including different crops in a 
rotation often improves yield compared with monocroping (Peterson and Varvel, 1989; 
Porter, et al., 1997). Crop rotation has a beneficial influence on many soil properties and 
incidence of pests and diseases. Several reports showed that the crop type and sequence used 
often result in different availability of nutrients (Omay et al., 1998) and water (Roder et al., 
1989), physical properties (Pottker, 1987; Varvel, 1994; Robison et al., 1996; Liebig et al., 
2002) and abundance of insects (Brust and King, 1993), diseases (Howard, 1998) and weeds. 
Crop rotation compared with monoculture reduces use of N fertilizer in corn 
production when a legume is included in the rotation because legumes improve, among other 
soil properties, the amount of N available to corn. This result has been reported by Pottker 
(1987), Petersen and Varvel (1989), Crookston et al. (1991), Meese et al. (1991), Omay et al. 
(1998), and Varvel and Vilhelm (2003) for the corn-soybean rotation and by Bruulsema and 
Christie (1987) and Carpenter-Boggs et al. (2000) for the corn-alfalfa rotation. These studies 
and many others that focused on corn growing continuously or after specific crops provide a 
great deal of information about N rates that maximize corn yield for numerous states of the 
U.S. and growing conditions. The most relevant corn rotations for Iowa and the Corn Belt 
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are corn after soybean, the most widespread and most important by far, followed by 
continuous corn and corn after alfalfa, although often two corn crops are grown after alfalfa 
or soybean mainly in dairy areas. The information available indicates that corn N 
fertilization needs are in the order continuous corn > corn after soybean > corn after alfalfa. 
Recently, a regional N working group (Sawyer et al., 2006) gathered published and 
unpublished N rate trials for corn after soybean and corn after corn in Iowa some other states 
of the Corn Belt, generated a publicly available database for various states, provided 
examples of average differences in N rates between crops and states, and of the impact of 
price ratios on maximum returns to N fertilization. Current N fertilizer recommendations for 
corn in Iowa consider increased N availability for corn after alfalfa and after soybean. For 
com after established alfalfa, second com after alfalfa, corn after soybean, and corn after 
corn the recommendation ranges are 0-34, 0-67, 100-150, and 168-224 kg N ha"1, 
respectively (Blackmer et al., 1997). 
Recent studies with long-term rotations in Iowa have found that including alfalfa in a 
rotation has maintained soil quality and sustained high corn yield. Russell et al. (2005) 
studied the effect ofN fertilization (0, 90, 180, and 270 kg N ha"1) and four cropping 
sequences (continuous corn, corn-soybean, com-corn-oats alfalfa, and com oat-alfalfa-
alfalfa) on soil organic C (SOC) in two sites. They found that a rotation with alfalfa 
increased concentrations of SOC compared with continuous corn and corn following 
soybean. Also Russell et al. (2006) studied available N, potential net N mineralization and 
microbial biomass C (MBC) through the growing season at the same sites. They found that 
soil managed with a rotation of corn with alfalfa had significantly higher N stocks post-
harvest than for other rotations, which was correlated with higher grain yield. Furthermore, 
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addition of alfalfa in the cropping sequence reduced amounts of N fertilizer needed to 
maximize corn yield, and reduced soil bulk density, SOC, and MBC. On the other hand, N 
fertilization decreased significantly soil pH, exchangeable Ca, Mg and K, and cation 
exchange capacity. 
Environmental conditions, especially rainfall and temperature, affect the performance 
of crop production systems. Although corn is extensively grown in the Midwest there are 
few analyses of long-term effects of rotation and N fertilization on corn yield stability over 
time. In addition, there is little information about effects of N fertilization on yield 
variability over time caused by environmental variation. Better assessments of the long-term 
effects of cropping sequence and N fertilization and its interaction with environmental 
conditions on yield stability could help reduce production costs and N leaching. Stability 
analysis across diverse environmental conditions has been a useful tool for increasing the 
understanding the consistency of the performance of genotypes (Finlay and Wilson, 1963; 
Eberhart and Russell, 1966; Lin et al., 1986) and agronomic management practices (Mead 
and Riley, 1981; Hildebrand, 1984; Piepho, 1998; Raun et al., 1993; Varvel, 2000). For 
example, Varvel (2000) analyzed a 16-year experiment assessing the effects of three 
monocultures (com, soybean, sorghum), four crop rotations, and three N fertilization rates on 
yield variability for rainfed conditions. Crop rotations were more effective at reducing long-
term yield variability those monocultures, and increased N availability by fertilization or by 
including legumes in the rotations reduced yield variability. Several methodologies can be 
used to study yield stability (Lin et al., 1986; Becker and Leon, 1988; Piepho, 1998). A 
practical approach is the regression analysis suggested by Finlay and Wilkinson (1963), who 
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used the linear coefficient of a regression of yield on time for each treatment as a stability 
parameter. 
The objective of this study was to analyze effects of different crop sequences and N 
fertilization rates on yield, yield stability, and response to N fertilization of corn from two 
long-term studies in Iowa. 
MATERIALS AND METHODS 
Corn yields from two Iowa long-term rotation and N fertilization experiments were 
analyzed in this study. Field experiments were located in the Northeast Research and 
Demonstration Farm near Nashua (Nashua) and in the Northern Research and Demonstration 
Farm near Kanawha (Kanawha). The experiment at Nashua was established in 1979 on an 
area with Kenyon (fine-loamy, mixed, superactive, mesic Typic Hapludoll) and Readlyn 
(fine-loamy, mixed, superactive, mesic Aquic Hapludoll) soils having a mean particle-size 
distribution (15 cm depth) of 319, 456, and 225 g kg"1 sand, silt, and clay, respectively. The 
study at Kanawha was established in 1954 on an area with Webster soil (fine-loamy, mixed, 
superactive mesic, Typic Endoaquolls) having a mean particle-size distribution at 15 cm 
depth of 219,449, and 332 g kg"1 sand, silt, and clay, respectively. In both sites, uniform 
rates of P and K fertilizers were applied periodically as needed to maintain optimum to high 
levels for the most demanding rotation. The corn hybrids or varieties of soybean, oat, and 
alfalfa varied over time at both sites to use improved hybrids and varieties as they were 
developed for the region. The tillage system at Nashua was chisel-plowing in the fall and 
disking in spring for corn or alfalfa residues and only disking in spring for soybean residue. 
The tillage system at Kanawha for all crops involved moldboard plowing in the fall and 
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disking in spring. Specific field procedures for both sites are explained in the following 
sections. Corn grain yield was harvested with plot combines from three to four central rows 
of each plot depending on the site. Grain moisture was measure for each plot, and grain yield 
was adjusted to 155 g kg"1 moisture concentration. 
Treatments at the Nashua Site 
Seven crop rotations and four N rates applied only to corn were evaluated until 2004 
at Nashua with no changes. Rotations varied depending on the frequency with which corn 
was planted and the presence of alternative grain crops (soybean or oat) or alfalfa for hay. 
The rotations were (1) continuous corn for grain, (2) continuous com for silage, (3) corn-
soybean, (4) com-com-soybean, (5) corn-com-com-soybean, (6) corn-corn-oats-alfalfa, and 
(7) continuous soybean. In order to grow all crops of each rotation every year, each 
replication was subdivided into as many plots as needed to accommodate the entire crop 
sequence of each rotation each year. Since only corn yield is analyzed in this study, nine 
different corn crops were defined according to the rotation and position of corn crops in the 
sequence of each rotation. Table 1 shows rotations, cropping sequences for each rotation, the 
defined corn crops, and codes used. A capital letter C in a crop code indicates the corn crop 
of a sequence being referred to. For example, the cCoa refers to the second corn of the corn-
corn-oats-alfalfa rotation. Oats was always undersown with alfalfa and no hay was harvested 
the seeding year after oat grain harvest. Usually there were three alfalfa hay harvests in the 
second year. Therefore, hereon oat refers to grain from oat and alfalfa refers to hay harvested 
in the second year. 
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Each crop plot was subdivided into four subplots each measuring 4.6 by 15.2 m to 
accommodate four N fertilization treatments applied only for com. The N rates were 0, 90, 
180 and 270 kg ha"1. Nitrogen as urea was broadcast in spring and was incorporated 
immediately after the application by disking. 
Treatments at the Kanawha Site 
Seven crop rotations and four N rates applied only to corn were evaluated from 1954 
until 2004 at Kanawha, although some rotations and N rates have changed over the time. 
Rotations from 1954 to 1965 were (1) continuous com with fertilization in spring, (2) corn-
corn-corn-oats, (3) com-soybean-corn-oats, with com and soybean in rows spaced 102 cm, 
row spacing was 76 cm for all other corn and soybean crops (4) com-corn-com-hay, (5) corn-
corn-oats-forage, (6) corn-oats-hay-hay, and (7) continuous corn with N fertilization in 
spring (a duplicate of Rotation 1). In 1965, Rotation 4 was changed to com-soybean-corn-
oats with corn and soybean rows separated 76-cm and Rotation 7 was changed to N 
fertilization in fall. In 1978, the row spacing for Rotation 3 was changed to a 76-cm spacing. 
In 1984, Rotation 3 was changed to a corn-soybean-com-soybean sequence. Therefore, since 
1984 the rotations have been (1) continuous com with N fertilization in spring, (2) corn-corn-
corn-oats, (3) corn-soybean, (4) corn-soybean-corn-oats, (5) com-com-oats-hay, (6) corn-
oats-hay-hay, and (7) continuous com with N fertilization in fall. The hay involved a 
mixture of alfalfa and red clover (Trifolium pratense L.) at a similar seeding rate until 1996 
and pure alfalfa since then, always seeded with oat. Only oat grain was harvested in the 
seeding year (no hay) and three hay harvests were made in other years. Therefore, hereon, 
oat refers to grain from oat undersown with the alfalfa-red clover mixture or alfalfa, and 
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alfalfa refers hay harvested in years following the seeding year. In contrast to methods at 
Nashua, each replication (two) was subdivided as needed to include four plots for 4-year 
rotations for all rotations even for continuous com and the corn-soybean rotation. Each 
replication included four continuous corn plots, two corn-after-soybean plots, and two 
soybean-after-corn plots. This study analyzes only corn yields from 1994 to 2004, which 
was the most recent period without changes in rotation or N rates. Therefore, eleven 
different corn crops were defined according to the rotation and position of com crops in the 
sequences. Table 1 shows rotations, crop sequence of each rotation, the defined com crops 
and codes used. 
Each crop plot was subdivided into four subplots each measuring 6.1 m by 12.2 m to 
accommodate four N fertilization treatments applied only for corn. The N rates have 
changed over time. From 1954 to 1970 rates were 0, 34, 68 and 136 kg N ha"1. In 1971, the 
34 kg N rate was changed to 202 kg N. In 1984 the 68, 90, and 202 N rates were changed to 
136, 180 and 270 kg N, respectively. Therefore, since 1984 N rates evaluated have been 0, 
90, 180, and 270 kg ha"1. Nitrogen was applied as urea, in the fall for continuous corn with 
fall N and in spring (April) for com of all other rotations. The urea applied in the fall was 
incorporated by moldboard plowing and urea applied in spring was incorporated by disking. 
Data Management and Statistical Analyses 
The experimental layout at Nashua was a randomized complete-block, split-plot 
design with three replications. Corn crops (nine) were main plots and N rates (four) were 
sub-plots. The experimental layout at Kanawha was a randomized complete-block, split-plot 
design with two replications. The additional corn plots within each replication at this site 
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(for continuous corn and the corn-soybean rotation) were considered as samples within 
replications and were averaged before analysis of variance (ANOVA). Effects of crop 
rotation and N fertilization on corn yield were assessed by AN OVA within and across years 
according to the experimental designs in each site using the General Linear Models (GLM) 
procedure of SAS (SAS Inst., 2004). A primary ANOVA for each site included main effects 
for corn crops, N rates, and interactions between crop and N rate, crop and year, N rate and 
year, and a triple interaction. Because, the interaction between corn crop and N rate was 
significant (P < 0.05) for averages across years and in almost every single year for both sites, 
the main effects of corn crop and N rate are not discussed. To compare treatments means, 
the sums of squares of the interactions were partitioned using least significance difference 
(LSD) or orthogonal polynomial contrasts as indicated in tables and figures. Trends of yield 
over time for each site and corn crop and N rate combinations were described by regression 
using the REG procedure of SAS (SAS Inst., 2004). In order to simplify a study of yield 
trends because of the number of combinations of crops and N rates, when yield and response 
to N among some corn crops was not significantly different, the average of these corn crops 
was used to fit the model. 
The four widely spaced N fertilization rates used in the two studies preclude a reliable 
determination of N rates that maximize yield of economically optimum N rates. Therefore, 
study of N fertilization effects emphasized comparisons of observed yields and net returns 
for the N rates applied. Because use of response models and calculation of the lowest N rate 
that produces maximum yield are useful for comparative purposes, response models were 
used to describe relationships between mean corn yields across all years of each study and N 
fertilization rates. Optimum fertilization rates or critical concentrations of soil tests have 
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been shown to vary significantly depending on the model used even when models R2 are 
similar (Cerrato and Blackmer, 1990; Dahnke and Olson, 1990; Mallarino and Blackmer, 
1992). These authors and others showed that use of a quadratic model often over-estimates 
optimum fertilizer rates or critical soil-test concentrations compared with models such as 
linear-plateau (LP) and quadratic-plateau (QP) segments models (Waugh et al., 1973), even 
when R2 values are similar. Preliminary modeling of responses in this study using the 
procedures GLM and NLIN of SAS (SAS Inst., 2004) confirmed these results, and QP 
models usually had R2 values as high or higher than the other two models and estimates of 
the lowest N rate that produced maximum yield seemed more reasonable. Therefore, only 
results for the QP model are presented, and optimum N rates represent the N rate at which the 
two proportions of each model joined. 
Corn yield stability over time for the treatments evaluated at each site was determined 
by using Finlay and Wilson's (1963) approach. The annual mean yields for each treatment 
were regressed on the annual mean yield of each experiment using the REG procedure of 
SAS (SAS Inst., 2004). In this method, a treatment is considered stable when the linear 
regression coefficient (b) equals one and unstable when the linear coefficient is less or 
greater than one. When the coefficient is less than one, crop performance is better in poor 
environment conditions and when it is greater than one crop performance is better in high-
yielding environments. The yield difference between a treatment and the site mean for each 
year was also calculated because a treatment resulting in stable yields could result in low or 
high yield levels. According to these criteria, the treatments can be considered as resulting in 
low stability and low yield, low stability and high yield, high stability and high yield, or high 
stability and low yield. 
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RESULTS AND DISCUSSION 
Precipitation and General Yield Levels 
Nashua and Kanawha had a mean April-September precipitation over 54 years of 627 
and 557 mm respectively (Iowa Environment Mesonet, 2005). Figure 1 and 2 shows that 
rainfall during the growing season affected grain yield throughout the years. Nashua had 
more variation in total rainfall through April to September than Kanawha. Nashua had at 
least 30 % less rainfall than the 54 year mean in 1986, 1987, and 1988, while it had 49, 46 
and 85 % more rainfall than the mean in 1979, 1993 and 1999. Kanawha had a rainfall 
amount less than 25 % of the precipitation mean in 1989 and 1997, while it had 40 and 55 % 
higher than rainfall mean in 1991 and 1993. Water excess or drought significantly reduced 
yield in some years at both sites. Nashua and Kanawha sites had an average yield of 7.8 and 
9.0 M kg ha"1, respectively. Severe drought in Nashua in 1988, 1989, and 2003 reduced 
average yield to 5.2, 6.3 and 6.5 kg ha"1, respectively, although unidentified causes also 
limited yield significantly in 1983, 1993, and 1995. Excess or deficient rainfall water 
significantly affected yield in Kanawha in 1988, 1989, and 1993, when grain yield was at 
least 30 % less than the mean yield. 
Rotation and N Fertilization Effects on Corn Yield at the Nashua Site 
Treatment effects for long-term averages. 
Figure 3 shows mean corn yield across the 26-year study period for Nashua as 
affected by cropping sequence and N fertilization. Table 2 shows sources of variation and 
statistical significances of a combined ANOVA for the 26-year period. This ANOVA 
showed significant (P < 0.05) differences between mean yield for corn crops across all N 
16 
rates, mean yield between N rates across all com crops, and significant interactions. Study of 
yields and statistics indicated that com crops could be grouped into four distinct groups 
according to yield and yield response to N fertilization. The Ccoa com crop had the highest 
yield with an average of 9.4 Mg ha"1 across all N rates. Yield of com after soybean from all 
sequences (Cs, Ces, and Cccs) ranked in a second group with a mean yield of 8.6 Mg ha"1. 
Yield of second corn after alfalfa (cCoa) ranked third with 7.7 Mg ha"1. The yield of 
continuous com and first, second, and third corn after soybean (C, ccCs, cCcs, and cCs) did 
not differ and were the lowest with a mean yield of 6.8 Mg ha"1. 
The Ccoa corn crop responded significantly up to the 90 kg N ha"1 rate, and had the 
highest yield among all crops for this rate and the non-fertilized control. The yield response 
to N of corn following soybean did not differ among rotations or sequences (Cs, Ces, and 
Cccs) and also showed a significant response up to the 90 kg N ha"1 rate. This group had the 
second-highest yield level for the 0 and 90-kg N rates, although the yield increase over the 
non-fertilized control was much higher than for Ccoa. The cCoa com crop, which ranked 
third in yield level among all corn crops, showed a significant response to 180 kg N ha"1. 
Finally, a group made up by continuous com and second or third com following soybean (C, 
cCcs, cCs, ccCs), which had the lowest yield level even for the highest N rate, also responded 
significantly up to the 180 kg N ha"1 rate. 
The finding that yield and response to N did not differ among continuous com, 
second-year (cCs and cCcs), and third-year com after soybean (ccCs) at both sites is an 
important result. Previous studies have shown inconsistent results. Porter et al. (1997) and 
Crookson et al. (1989) also found that yields of second to fifth corn after soybean were no 
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different from continuous corn yield. However, Meese et al. (1991) found that corn yield 
declined with consecutive years of monocropping after soybean. 
Analyses of responses to N fertilizer by the different corn crops based on a discrete 
analysis of yield for the N rates used sometimes do not detect some obvious trends observed 
in Fig. 3. For example, both corn after alfalfa and corn after soybean responded (P < 0.05) 
only up to the 90 kg N rate, which was the lowest N rate used. However, Fig. 3 shows an 
obvious plateau yield for corn after alfalfa after the 90 kg rate but a still increasing trend 
between the 90 and 180 kg rates for corn after soybean (for the group including Cs, Ces, and 
Cccs). Use of only four widely spaced N rates (including the non-fertilized control) in the 
study does not allow for reliable modeling of N response and calculations of optimum N 
rates (Cerrato and Blackmer, 1990). This is confirmed by data in Table 3, which shows 
equations and the lowest N rate that produced maximum yield according to QP models fit to 
data in Fig. 3. For example, estimates of N rates that maximized yield were unrealistically 
high for corn after alfalfa even though the R2 value was high. Results for linear-plateau or 
quadratic models (not shown) resulted in fits of similar or lower statistical significance or 
unrealistic optimum N rates. Optimum rates for corn after soybean and corn after corn 
seemed reasonable according to curves in Fig. 3. These rates ranged from 170 to 193 kg N 
ha"1 for Cs, Ces, and Cccs and were larger for corn after corn ranging from 237 to 258 kg N 
ha"1 for continuous corn, cCcs, cCs, and ccCs. However, the models and optimum N rates 
are not sufficiently reliable to help explain or describe better the differences in response 
between the major groups of corn crops that were discussed before. 
Several researches have reported that crop rotation effects crop yield through 
improvements not only of nutrient availability but also soil physical properties and less 
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incidence of pests for corn in rotation. These effects can explain higher corn yield level for 
rotations including oat and alfalfa even at the highest N rates used. Meese et al. (1991) and 
Porter et al. (1997) reported that at optimum N fertilization rates yield of com after soybean 
was approximately 15% higher than for continuous com. This higher yield could partly be 
explained by improvement in soil growth factors other than N supply. Rotation also have 
reduced incidence of pests and improved other soil quality parameters. For example, Brust 
and King (1993) showed that com pest populations such as rootworm (Diabrotica 
undecimpunctata howardi) and European com borer (Ostrinia nubilalis) were reduced 
significantly by rotation when compared with continuous corn. Russell et al. (2005 and 
2006) studied the impacts of selected rotations and N fertilization rates had on SOC, bulk 
density, potential net N mineralization, and microbial biomass C in these experiments. Soil 
of rotations that included alfalfa had the lowest bulk density, highest SOC and microbial C 
concentration, and highest potential net N mineralization. Nitrogen fertilization increased 
SOC only with continuous com, and they concluded that cropping system had a greater 
positive effect on soil quality that did N fertilization. 
Legumes in rotation with com frequently increase plant-available N in soils and more 
N is available after alfalfa than after soybean. Bruuselma and Christie (1987) found that corn 
after alfalfa yield an equivalent to this achieved with 90 to 125 kg N ha"1. Peterson and 
Varvel (1989) found that com following soybean or clover in rotation produced maximum 
grain yield with 90 kg ha"1 when continuous corn required at least 180 kg N ha"1. Vanoti and 
Bundy (1995) found that the additional yield of first and second corn after 2 years of alfalfa 
compared with yield of continuous com was equivalent to 153 and 36 kg N ha"1, respectively, 
and the additional yield of first com after soybean was equivalent to 75 kg N ha"1. Omay et 
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al. (1998) reported that in a rotation corn-soybean in two different soils the amount ofN 
needed in the continuous corn to achieve yield equal to that in rotation with no N added was 
equivalent to 144 kg N"1 and 155 kg ha"1. Riedell (1998) studied the effect of several input 
levels on corn yield of continuous corn and corn in rotation with soybean, and found that 
yield of corn following soybean was 32% greater than for continuous corn with intermediate 
input levels. Liebig (2002) measured soil physical, chemical and biological properties in a 
long term cropping system experiment with four crop sequences continuous corn, corn-
soybean, corn-oats/clover-sorghum-soybean, and corn-soybean-sorghum-oats/clover. The 
corn-soybean-sorghum-oats+clover had more potentially mineralizable N that the other 
treatments. Varvel and Vielhem (2003) estimated from a long-term study that the increased 
N supply for corn after soybean was 65 kg N ha"1 yr"1 Carpenter-Boggs et al. (2000) 
estimated net N mineralization in soil maintained by 8 years with continuous corn, corn-
soybean, and corn-soybean-wheat (Triticum aestivum)/alfalfa-alfalfa. They found that the 
cumulative net N mineralization was 133, 142 and 189 kg ha-1 for continuous corn, corn-
soybean, and corn-soybean-wheat/alfalfa-alfalfa, respectively. 
Treatment effects over time. 
Analyses of effects of rotation, cropping sequence, and N rate on corn yield over time 
were summarized for four groups of com crops defined according to similarities in response 
for 26-year means and discussed before because results for each crop and year (not shown) 
showed that the yield ranking and degree of response to N were similar to the long-term 
means in most years. Study of trends for groups of corn crops also is a reasonable way of 
summarizing results because of the numerous combinations of N rates and com crops. The 
four distinct groups including either single corn crops or groups of crops were corn after corn 
(CC), com after soybean (CS), first com after alfalfa (Ccoa), and second com after alfalfa 
(cCom). The CC group includes C, ccCs, sCs, and cCcs corn crops. The CS group includes 
the first com following soybean (Cs, Ces, and Cccs). 
As expected, the mean corn response to N for the entire period was the result of 
highly variable responses for individual years. Figure 4 shows the frequency by which each 
rate of N produced the statistically maximum com yield each year and group of corn crops. 
The CC group had the highest response to N fertilization and responded significantly up to 
the 90, 180, and 270 kg N rates in 25, 67 and 8 % of the years. The CS group responded in 
58 % of the years to 90 kg N and in 33 % of the years to 180 kg N, and never to 270 kg N. 
Com after alfalfa needed less N fertilizer than other corn crops, and responded in 62 % of the 
years to 90 kg N and in 12 % to 180 kg N, but in 25 % of the years did not need N fertilizer. 
In contrast, cCoa responded up to 90, 180, and 270 kg N in 42, 54, and 4 % of the years. 
This result confirms results for 26-year means in that there was little increased N availability 
due to alfalfa for a second corn crop compared with the first corn crop after alfalfa. This 
result probably means that a major proportion of native soil N not used by alfalfa or N fixed 
by alfalfa was mineralized and removed or immobilized by the first com crop or was lost by 
leaching by the time a second corn crop was grown. 
Figure 5 shows corn yield over time for the four crop groups as affected by N 
fertilization. This figure provides information about trends of yield levels over time and also 
about possible changes in response to N over time. Very low yields in 1988 and 2003 for all 
corn crops were the result of extreme draught or excessive rainfall (Fig. 1), although similar 
rainfall more timely distributed over the season in 1989 (not shown) probably affected yield 
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of Ccoa more than all other corn crops. Table 4 shows results of linear regression of yields 
shown in Fig. 5 for each corn crop and N rate combination on time to obtain a simple 
indication of how yield levels evolved over time. The yield of com for the CC group without 
N fertilization declined from 1979 to 2004; which should be explained by depression of soil 
N supply over time, and data in Table 4 indicate that on average yield decreased by 87 kg ha " 
1 year"1. No significant yield trend over time was observed for CC with an annual application 
of 90 kg N ha"1. However, yield increased with annual rates of 180 and 270 kg N ha"1 by 65 
and 100 kg ha"1 year"1, respectively. The result for the CS group shows that without N 
fertilization had a decreasing trend of yield of 37 kg ha"1. However, yield tended to increase 
with application of all rates of N fertilizer. With application of 90, 180, 270 kg N, yield of 
CS group showed an average yield increase of 68, 128 and 143 kg ha "' year"1, respectively. 
Second corn after alfalfa without N fertilization showed no significant trend change over 
time, but with rates of 90, 180, and 270 kg N ha"1 yield increased by 93, 175, and 132 kg ha"1 
year"1, respectively. For Ccoa there was a clear increasing yield trend for all N rates during 
the study. With no N fertilization, yield increased by 241 kg ha"1 year"1 and increased by 
181, 146 and 155 kg ha"1 year"1 with application of 90, 180 and 270 kg N, respectively. An 
obvious increasing yield trend over time with high N availability maybe reflects genetic 
improvements in corn hybrids. This higher yield potential could not be achieved when N 
was limiting yield. 
Data in Fig. 5 show that the corn response to N (both the magnitude and up to what N 
rate) tended to increase over time for the CC and CS corn groups but not for cCoa or Ccoa. 
In spite of large yield variation from year to year, the absolute yield difference and the 
relative response (not shown) between fertilized treatments and the non-fertilized plots of 
22 
CC, CS, and cCoa increased with time. A regression of the N rates that produced statistically 
maximum yield of corn each year (JP < 0.05) on time (not shown) indicated that the N needed 
to maximize yield for CC, CS, and cCoa groups increased (P < 0.05) over time, but year-to-
year variation was very large and r2 values were very low (0.22, 0.37 and 0.17 for CC, CS 
and cCoa, respectively). However, N rates needed to maximize yield of corn for the CA 
group did not change over time. This result is reasonable and can be explained by 
continuously decreasing soil N supply in plots receiving no N, which was obvious for the CC 
and CS because yield of non-fertilized plots decreased linearly over time (Table 4). 
Increasing yield response over time could also be explained by increasing N demand due to 
increased yield levels. A lack of increasing response to N over time for cCoa and Ccoa, and 
actually a decrease in response over time for Ccoa, could be explained by sustained or 
increased N supply by repeated rotation cycles including alfalfa. Corn after alfalfa responded 
consistently up to the lowest N rate used during the first few years but responded only 
occasionally since 1989. 
Analysis of net returns to N fertilization. 
Net return to each rate of N used was calculated as the value of grain production 
minus the value of grain production without fertilization and the fertilizer cost. Corn prices 
were set at $86.5 Mg"1 and fertilizer prices were set at $0.44 kg"1 for all calculations. The 26-
year study was dived into periods of 4 years, which was the time needed to complete an 
entire cycle of the longest rotations. Net returns were calculated for the average yield in each 
period for the corn groups defined before. 
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The rate of N fertilizer that resulted in maximum profit for a specific corn crop was 
relatively stable over time (Fig. 6), although the profit level varied greatly over time. 
Although the N rate need to increase yield did not change consistently over time, yield of 
fertilized corn or non-fertilized corn grown immediately after legumes increased throughout 
years. Corn of the CC group had a maximum yield with 180 to 270 kg N ha"1 in most years 
(Fig. 4 and 5) but highest net returns increased from $188 ha"1 in the first period to $456 ha"1 
in the last period. Moreover, in early years the 270 kg rate decreased net returns compared 
with the 180 kg rate whereas in recent years it maintained or increased returns. A similar 
trend was observed for com of CS and cCoa. Net returns increased over time, although the N 
rate producing the maximum return for these crops in most years (180 kg N ha"1) did not 
change consistently over time. Com after alfalfa had an opposite trend compared with the 
other corn crops. Net returns and the rate producing maximum returns decreased over time 
and during the last period returns to all N rates were negative to all N rates. These 
decreasing trends coincide with a decreasing yield response to N discussed before for this 
rotation. 
Rotation and N Fertilization Effects on Corn Yield at the Kanawha Site 
Treatment effects for long-term averages. 
Figure 7 shows mean of corn yields across the 20-year study period for Kanawha as 
affected by cropping sequence and N fertilization. Table 2 shows sources of variation and 
statistical significances of a combined ANOVA for the entire period. This ANOVA showed 
significant (P < 0.05) differences between mean yield for corn crops across all N rates, mean 
yield between N rates across all com crops, and significant interactions. The 11 com crops 
can be grouped into five distinct groups according to yield levels without N fertilization. The 
highest yield (P < 0.05) was observed for Ccoa and Coaa, and the mean yield was 10.0 Mg 
ha"1. A second group included Csco and Ccco, and the mean yield was 8.5 Mg ha"1. A third 
group that included corn following soybean (csCo and Cs) and second-year corn after alfalfa 
(cCoa) showed a mean yield of 6.9 Mg ha"1. A group including second and third corn after 
oat ranked fourth, and on average this group yielded 4.9 Mg ha"1. The last position was for 
non-fertilized continuous corn. 
Corn yield response to N was affected by the rotation and position in the cropping 
sequences (Fig. 7). Continuous corn fertilized in spring (Csp) or fall (Cfl), cCco, and ccCo 
responded (P < 0.05) up to 180 kg N ha"1 rate. These corn crops showed the lowest yield in 
the experiment even with the highest N rate. Continuous corn with fall N yielded less than 
these other corn crops and on average 8.7% less than Csp. Corn crops after soybean or oat 
(Cs, csCo, Csco, Ccco) and cCoa responded only up to 90 kg of N. Corn crops after one or 2 
years of alfalfa (Coaa, Ccoa), which had the highest yield without N fertilization, did not 
respond significantly to N fertilization. Yield without fertilization of corn after one year of 
alfalfa tended to be lower than after 2 years of alfalfa but the difference was not significant at 
P < 0.05. These results, as those for Nashua, confirm previous research for other conditions 
referred to before showing the large effect crop rotation can have on corn yield, especially 
the effect of including legumes such as soybean and alfalfa. In particular, the average results 
across years at this site showed that a rotation with oat undersown with alfalfa followed by 2 
years of alfalfa eliminated corn response to N fertilization compared with results for oat 
undersown with alfalfa followed by only one year of alfalfa. 
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Similarly to observations made for results at Nashua, data in Fig. 7 suggest further 
differences in response between some corn crops than differences indicated by discrete 
comparisons of yield for the N rates used. For example, the 90 kg rate produced statistically 
(P < 0.05) maximum yield for cCoa, Cs, csCo, Csco, and Ccco but the lines in Fig. 7 suggest 
a yield response to higher N rates by cCoa than for the other corn crops. The few and widely 
spaced N rates used do not allow for reliable modeling of yield response to N, but results for 
the QP model shown in Table 5 can be used to further compare responses for corn crops 
moderate to large response to N fertilizer. For example, optimum N rates estimated for corn 
after corn crops were 236, 247, and 266 kg N ha"1 for cCco, Csp, and ccCo, respectively. 
This result confirms that continuous corn did not have larger N fertilizer requirements that 
corn after corn from other rotations. The optimum N rates for corn after soybean were 
smaller, and were 180 kg N ha"1 for csCo and 216 kg N ha"1 for Cs. Another important result 
was that although discrete yield comparisons show that the 270 kg N rate did not increase 
yield (P < 0.05) of continuous corn with fall N (Cfl) or spring N (Csp), the estimated 
optimum N rate was higher for Cfl (284 kg N ha"1) than for Csp (247 kg N ha"1). However, 
the estimated maximum plateau yield still was higher for Csp than for Cfl (9708 and 9077 kg 
ha"1, respectively). 
Treatment effects over time. 
Groups of corn crops were formed for the Kanawha site according to similarities in 
yield and response to N discussed before shown in Table 2 and Fig. 7, and from ANOVA of 
responses by year for the 11 corn crops (not shown). Seven groups including either simple 
corn crop treatment or group of crops were first corn after soybean (CS) including Cs and 
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csCo, first corn after oat (CO) including Ccco and Csco, corn after alfalfa (CA) including 
Coaa and Ccoa, second corn after oat (CCO) including cCco and ccCo, second corn after 
alfalfa (cCoa), Cfl, and Csp. 
Figure 8 shows the frequency by which each rate of N produced the statistically 
maximum corn yield for each year and each of seven groups of corn crops. Continuous corn 
(both Cfl and Csp) and corn of the CCO group responded more frequently to higher N rates 
than other com crops. The Cfl corn crop responded to 90, 180, and 270 kg N in 22, 61 and 
11 %. The Csp com crop responded to 90, 180, and 270 kg N in 44, 44 and 11 % of the 
years. The results for continuous corn indicate an interesting difference due to timing of N 
application. The frequency of response to the highest N rate (270 kg) was similar for Cfl and 
Csp, but Cfl responded more frequently to the 180-kg rate than to the 90-kg rate compared 
with Csp. The CCO group responded to 90, 180 and 270 kg of N in 33, 50 and 11 % of the 
time. The frequency of responses to higher N rates ranked second for cCoa and the CS 
group. The cCoa com crop responded to 90, 180, and 270 kg N in 56, 22, and 0 % of the 
years but did not respond to the application of N 22 % of the time. The CS group responded 
significantly to 90, 180, and 270 kg N in 78, 17 and 0 % of the years. The CO group 
responded to N only 50 of the time, and only to the 90 kg rate. Com after alfalfa never 
responded significantly to N fertilization. 
Figure 9 shows annual grain yield for the seven corn groups as affected by N 
fertilization, and Table 6 shows statistics for the fit of linear equations to yield trends over 
time. Very low yields in 1988 and 1993 were the result of extreme drought or excessive 
rainfall (Fig. 2). The results showed that yield increased linearly for all corn groups and N 
rates, although r2 or relationships ranged from 0.20 to 0.52. These increasing trends over 
time agree only partly with results for Nashua, where yields of non-fertilized plots in 
continuous corn and com after soybean decreased over time but increased for almost all other 
treatments. In addition, and in contrast to results from Nashua, the regression of N rates that 
produced statistically maximum com yield each year on time (not shown) indicated that the 
N rate to attain maximum yield did not change over time for any corn crop. The difference 
between sites for non-fertilized plots for continuous corn and corn-soybean rotations may be 
explained by the fewer years without fertilization at Nashua (26 years) than at Kanawha (50 
years). Perhaps non-fertilized plots at Kanawha after many years of cropping had reached a 
low plateau for N supply and the weak increasing yield trend for these plots reflects genetic 
improvements for the hybrids. Com hybrids have changed by improving physiological 
efficiency and resistance to biotic and abiotic factors. For example, Duvick and Gasman 
(1999) reported that average Iowa yield for corn has increased linearly by 87 kg ha"1 yr"1 
from 1966. Duvick (2005) suggested that the yield increase was 50 % due to management 
and a 50 % do to breeding. Current hybrids have shown evidence of tolerance to low N 
content in soil. For example O'Nell et al. (2004) evaluated hybrids from three different eras 
(1970s, early 1990s and late 1990s) and found that newer hybrids produced more grain per 
unit of additional N fertilizer. 
A lack of yield response to N by com after alfalfa can be explained by many rotation 
cycles with alfalfa maintaining high enough soil N supply. Results in Fig. 9 for corn after oat 
indicate that 50 % response frequency noted in Fig. 8 was distributed approximately equally 
over time. Corn after soybean and cCoa responded up to the 90 kg rate in many years and 
showed a consistent response up to the 180 kg rate from 1998 to 2001, a result that cannot be 
readily explained by rainfall (Fig. 2) or yield levels. The data in Fig. 9 indicate that 
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differences in response to N between Csp and Cfl did not change consistently over time, and 
that averages in Fig. 7 mask a very high yearly variation. Yield of Cfl was more influenced 
by environmental conditions than yield of Csp, and the results sometimes were difficult to 
explain with the methods used in the study. In 1991 for example (a year with high rainfall), 
rates of 90, 180, and 270 kg N increased Cfl yield to 4.4, 5.8 and 6.7 Mg ha"1, respectively, 
while similar rates increased Csp yield to 6.1, 8.2, 9.9 Mg ha "', respectively. Contrary to 
expectations, this year Csp responded more to all N rates than Cfl, probably because of 
proportionally larger N loss for higher rates of fall applied N due to leaching or 
denitrification. A similar but less pronounced result was observed in other high-rainfall years 
(such as in 2001) but not in others, such as in 1998 and 1999. On the other hand, overall 
yield levels for Cfl and Csp were approximately similar from 1996 through 1999 and Cfl 
responded up to the 270 kg rate while Csp did not, although the additional response for Cfl 
not always achieved statistical significance at P < 0.05. 
Other research has shown that the timing of N application can have a major effect on 
N use efficiency. Application of N fertilization in fall for corn production is a common 
practice in the Midwest but this practice could increase the probability of N leaching with 
early season precipitation. Vestch and Randall (2004) studied during 3 years effects of 
tillage systems and fall or spring application of anhydrous ammonia on corn production 
following soybean. In one year, when April and May were wetter and warmer than normal, 
grain yield and total N uptake were reduced 20 and 27% respectively with fall N compared 
with spring N and apparent N recovery was reduced from 87 % for spring N to 45 % for fall 
N. Corn production and N use were not affected by time of N application in the other years. 
Welch et al. (1971) found that fall fertilization was 10-20 % less efficient at increasing corn 
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yield compared with spring fertilization at 67 and 134 kg N ha"1 but the times of application 
N were equally efficient at 201 and 268 kg N. Other research in the northern Corn Belt that 
included several years (such as research by Randall and Mulla, 2001, and Randall et al., 
2003) has found that although more than one-half of the annual nitrate loss through tile 
drainage occurred during April, May, and June N loss through in tile drainage were 13 to 36 
% lower for spring applied N than for fall applied N. 
Analysis of net returns to N fertilization. 
Figure 10 summarizes returns to each N rate used and each of the seven groups of 
corn crops for five periods of time for the assumed grain and N prices. As for the Nashua 
site, net returns to N fertilization reflected yield responses to N and trends of yield levels 
over time. However, the impact of yield trends over time on returns was much less in 
Kanawha because the yield increase over time was smaller and yields of non-fertilized plots 
managed with continuous corn or corn-soybean rotations did not decrease over time. 
Therefore, maximum net returns to N did not increase consistently over time. 
Continuous corn and corn of the CCO group showed the largest net returns to the 
highest N rates because of their largest N requirements. Continuous corn with fall N 
application had very similar response curves in all periods studied. The maximum profit was 
obtained with the 180 or 270 kg rates, and an important result was that 270 kg N ha"1 never 
decreased profits. Differences in net return to N fertilization between N rates for Csp and the 
CCO group were very similar to relative differences described for Cfl except for one period. 
For the period 1997-2000, Csp showed higher a net return for the 180 kg N rate than for 
either the 90 or 270 kg rates, and was the highest among all periods for any rate. This was 
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the only instance in which the 270 kg rate reduced profits compared with the 180 kg rate for 
Csp or CCO, although it reduced profits for all other corn crops during that period. Corn 
after soybean (CS group) showed a maximum return for the 180 kg N in all periods, and the 
270 kg rate reduced profits in all periods except one. This was an interesting result when 
compared with mean yield responses for the 20-year period (Fig. 7) because average yields 
were exactly the same for these two rates and annual data (Fig. 9) showed that yield for the 
180 and 270 kg rates never were statistically different although sometimes yields tended to 
be higher for the 270 kg rate. 
Net returns to N for cCoa were variable over time but without a consistent trend. The 
180 kg N rate produced the highest or near highest net returns, but the 270 kg rate increased 
profits slightly one period (1993-1996) and reduced profits significantly in all other periods. 
Net returns to 90 kg N ha"1 for CO were always positive and higher N rates reduced profits 
with only one exception, which was in the first period of the study (1985-1988) when the 180 
kg rate increased profits further. Net returns to N for assumed prices were negative for CA 
with the only exception of the last period of the study, when the 90 kg rate resulted in a small 
profit. 
Yield Stability Analysis 
Nashua site. 
Table 7 shows the results of the stability analyses for Nashua. Corn that received no 
N fertilization, except cCoa and Ccca, had low yield stability (b < 1 at P < 0.05) and yielded 
less than the experiment mean yield. Corn after corn (CC, ccCs, cCs and cCcs) fertilized 
with 90 kg N and non-fertilized second corn after alfalfa (cCoa) were stable (b = 1) but 
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yielded less than the experiment mean yield. Non-fertilized first corn after alfalfa (Ccca) and 
both corn after soybean (Cs, Ces, Ccccs) and second corn after alfalfa (cCoa) fertilized with 
180 kg N were stable (b = 1) and yielded higher than the experiment mean yield. Corn crops 
after soybean (es, Ces, Cccs), the first and the second corn after alfalfa (cCoa, Ccca) 
fertilized with 180 kg N, and all corn crops fertilized with 270 kg N showed a slightly less 
stability than the previous group of corn crops but were stable (b > 1 ) and yielded more than 
the experimental mean yield. 
Kanawha site. 
Table 8 shows results of stability analyses for the Kanawha site. Non-fertilized corn 
after corn (Csp, Cfl, ccCo, cCco) and corn after soybean (Cs and csCo) had low stability and 
yielded less than the experiment mean yield. The second crop after alfalfa (cCom), non-
fertilized first corn after oat (Csco, Ccco); and corn after corn (Csp, Cfl, ccCo, cCco, cCo a) 
fertilized with 90 kg N were stable and yielded less than the experiment mean yield. First 
corn after alfalfa (Ccoa, Coaa) with no N fertilization, first corn after soybean (Cs, csCo), 
Csco, the first corn after alfalfa (Ccom, Comm) fertilized with 90 kg N, and all corn crops 
fertilized with 180 and 270 kg N (except Csp fertilized with 180 kg N and cCco fertilized 
with 180 and 270 kg N) were stable and yielded more than the experiment mean yield. The 
Ccco corn crop fertilized with 90 kg N; Ccco, Csp and cCco fertilized with 180 kg N; and 
cCco fertilized with 270 kg of N were lightly less stable than the previous group but still 
stable and yielded higher than the experiment mean yield. It is noteworthy that continuous 
corn with fall or spring N (Cfl and Csp) had the same stability classification for all N rates 
but the yield was not the same because Csp always yielded more than Cfl. 
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Summary of yield stability analyses. 
Nitrogen fertilization and including of legumes in the rotations reduced corn yield 
variability over time caused by environmental variability. With limited N supply, corn could 
not response as much in good environmental conditions and as a result had lower yield 
stability over time than with good N supply. Observation of the linear coefficients in Table 5 
and 6 indicate that N rates that produced near maximum yield and also N rates that were 
higher than needed to maximize yield resulted in high yield stability over time. Other 
researchers also reported an increase in corn stability with N fertilization. Varvel (2000) 
studied yield of continuous corn and corn in rotation with soybean and concluded that main 
factors to increase stability in corn production were N fertilization and crop rotation. 
SUMMARY AND CONCLUSIONS 
Comparison of yield of continuous com and first com after oat undersown with 
alfalfa, soybean, or alfalfa indicated a clear rotation effect that resulted in higher yield levels 
at both sites that could not be achieved by application in spring of up to 270 kg N ha"1. The 
yield increase compared with continuous com was higher for first corn after one or two years 
of alfalfa (11 % on average across sites and years) than after oat undersown with alfalfa (14 
%) or after soybean (10 %). These results confirm results of previous research in showing 
increased soil N availability after legumes. Higher plateau com yield levels for the highest N 
rates used also showed the benefits of crop rotation with legumes as a result of improvements 
in other growing conditions that could not be determined in this study. 
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First-year corn after alfalfa, oat undersown with alfalfa, or soybean had lower 
fertilizer-N requirements than continuous com or second and third corn crops after these 
other crops. Statistical comparisons of long-term yield averages for each site and N rate used 
in the study indicated that corn after one year of oat undersown with alfalfa followed by 2 
years of alfalfa (rotation evaluated only at Kanawha) did not respond to N fertilization, first-
year corn after any other crop responded up to 90 kg N ha"1, and com after com responded up 
to 180 kg N ha"1. Precise optimum N fertilization rates could not be calculated because of the 
few and widely spaced N rates used in the study. In particular, no model fit reasonably well 
for first corn after one year of oat undersown with alfalfa followed by one year of alfalfa and 
the only possible supported conclusion is that a rate < 90 kg N ha"1 maximized yield. 
However, response models fit to long-term com yield averages were useful to further 
compare fertilizer N requirements for other com crops without attempting to generalize 
results. These models showed that the lowest spring-applied N rate that maximized yield 
were 167 to 169 kg N ha"1 (168 kg) for first corn after one year of oat undersown with alfalfa, 
170 to 216 kg N ha"1 (average 189 kg) for first corn after soybean, 236 to 266 kg N ha"1 
(average 247 kg) for second- or third-year corn after any other crop, and 238 to 247 kg N ha"1 
(average 243 kg) for continuous corn. Averages for these crop groups were 168, 189, 247, 
and 243 kg N ha"1, respectively. Therefore, an important result of this study was that 
continuous corn and second- or third-year corn after legumes had statistically similar N 
fertilizer requirements. 
Study of corn yields and yield responses to N over time indicated a large variation in 
responses. The frequency by which an N rate produced statistically maximum corn yield 
each year (the lowest among N rates) across both sites was 0 % for first corn after one year of 
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oat undersown with alfalfa followed by 2 years of alfalfa (only at Kanawha), 46 % for first 
corn after one year of oat undersown with alfalfa followed by one year of alfalfa, 50 % for 
first corn after one year of oat undersown with alfalfa (only at Kanawha), 93 % for first corn 
after soybean, 91 % for second- or third-year com after any other crop, and 100 % for 
continuous com with spring N. The N rate needed to attain statistically maximum corn yield 
did not change consistently over time even though com yield increased over time in 
Kanawha but in Nashua increased for all corn crops groups except for corn after alfalfa. 
However, an increase of N rates needed to attain maximum yield at Nashua was less clearly 
reflected on net returns to N. The N rates that resulted in highest net returns to N did not 
change consistently over time, although net returns tended to increase because of increasing 
yield trends with fertilization. In Kanawha, the impact of yield trends over time on net 
returns was less than in Nashua because the increasing yield trend was smaller and yield of 
non-fertilized plots managed with continuous corn or com-soybean rotations did not decrease 
over time as in Nashua. 
Comparisons of fall and spring N fertilization for continuous corn at Kanawha 
demonstrated that on average fall N was less efficient than spring N for all rates of N, 8.7 % 
less on average. However, long-term yield averages did not clearly show as expected that 
sufficiently larger rates of fall-applied N would achieve as high yield as that resulting from 
lower rates of spring-applied N, and the relative yield differences between N rates were 
approximately similar for both times of application. This unexpected outcome might be due 
to the limited number of widely spaced N rates, and within the rates used could also be 
explained by proportionally larger N loss for higher rates of fall applied N due to leaching 
and denitrification. 
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In both sites adequate N fertilization and inclusion of legumes as alfalfa and soybean 
in the rotation increased corn yield stability over time compared with under-fertilized corn. 
Moreover, adequate or above optimum N fertilization rates and rotation with legumes 
allowed for more complete expression of increased yield potential of corn hybrids. 
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Table 1. Crop rotations and codes for corn crops for experiments at Nashua and Kanawha. 
Site Crop sequence Corn crop studied Crop codeT 
Kanawha corn-corn-corn-corn continuous corn with spring N Csp 
continuous corn with fall N Cfl 
corn-corn-corn- oat 1st corn after oat Ccco 
2nd corn after oat cCco 
3 rd corn after oat ccCo 
corn-soybean-corn-soybean corn after soybean Cs 
corn-soybean-corn-oats corn after oat Csco 
corn after soybean csCo 
corn-corn-oats-hay 1st corn after 1 year of alfalfa Ccoa 
2nd corn after 1 years of alfalfa cCoa 
corn-oats-hay-hay corn after 2 years of alfalfa Coaa 
Nashua corn continuous corn C 
corn-soybean corn after soybean Cs 
corn-corn-soybean 1st com after soybean Ces 
2nd com after soybean cCs 
corn-corn-corn-soybean 1st corn after soybean Cccs 
2nd corn after soybean cCcs 
3rd corn after soybean ccCs 
corn-corn-oats-alfalfa 1st corn after alfalfa Ccoa 
2nd corn after alfalfa cCoa. 
* a, alfalfa; C or c, corn where a capital letter refers to continuous corn or the corn crop 
studied within the sequence; Cfl, fall N fertilization; Csp, spring N fertilization; o, oat 
undersown with alfalfa without hay harvest; s, soybean. 
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Table 2. Statistics of treatment effects on corn grain yield from combined analyses of 
variance for experiments at Nashua (1979-2004) and Kanawha (1985-2004). 
Nashua site Kanawha site 
Source d f T  P >  F  df P >  F  
Year 25 0.001 19 0.001 
Corn crop 8 0.001 10 0.001 
Year x Corn crop 200 0.001 184 0.005 
N rate 3 0.001 3 0.001 
Corn crop x N rate 24 0.001 30 0.001 
Year xN rate 75 0.001 57 0.001 
Year x Corn crop x N rate 600 0.001 570 0.001 
T df, degrees of freedom. 
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Table 3. Quadratic-plateau models fit to 26-year mean corn yield responses to N fertilization 
at Nashua shown in Fig. 3. 
Corn Equation coefficientst Maximum Statistics N rate for 
crop * Intercept Linear Quadratic yield f >F R2 maximum 
kg ha"1 kg ha"1 kg N ha"1 
C 3403 44.5 -0.094 8688 0.04 0.99 238 
Cs 6286 41.5 -0.122 9817 0.07 0.99 170 
Ces 6337 37.0 -0.100 9753 0.01 0.99 184 
Cccs 6286 34.7 -0.090 9632 0.01 0.99 193 
cCcs 3490 43.7 -0.090 8827 0.03 0.99 244 
cCs 3371 45.3 -0.096 8751 0.05 0.99 237 
ccCs 3481 39.9 -0.077 8635 0.03 0.99 258 
cCoa 4872 37.2 -0.079 9271 0.01 0.99 236 
Ccoa 8298 18.2 -0.052 9901 0.05 0.99 176 
t Equations apply for N rates < the N rate needed to achieve the maximum (plateau) yield, 
which is the value at which quadratic and plateau portions of the models join. 
X a, alfalfa; C or c, corn where a capital letter refers to continuous com or the corn crop 
studied within the sequence; o, oat undersown with alfalfa without hay harvest; s, soybean. 
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Table 4. Linear regression of corn yield on time (1979-2004) for corn crops from various 
rotations at Nashua (models fit to data in Fig. 5). 
Corn cropT N rate Linear coefficient1 r2 Probability 
kg N ha"1 P >  F  
CC 0 -87x 0.19 0.01 
90 - 1 Ix 0.01 0.42 
180 65x 0.07 0.01 
270 lOOx 0.14 0.01 
CS 0 -37x 0.32 0.01 
90 68x 0.08 0.01 
180 128x 0.23 0.01 
270 143x 0.27 0.01 
cCoa 0 9x 0.01 0.74 
90 93x 0.11 0.01 
180 133x 0.24 0.01 
270 132x 0.23 0.01 
Ccoa 0 241x 0.49 0.01 
90 181x 0.32 0.01 
180 175x 0.28 0.01 
270 155x 0.23 0.01 
f a, alfalfa; CC, corn after corn; Ccoa, first corn after alfalfa; cCoa, second corn after alfalfa; 
CS corn after soybean; o, oat undersown with alfalfa without hay harvest. 
X  Units are Mg ha"1 for yield (intercepts are not shown) and year (1979 to 2004) for time (x). 
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Table 5. Quadratic-plateau models fit to 20-year mean corn yield responses to N fertilization 
at Kanawha shown in Fig. 7. 
Corn 
crop 1 
Equation coefficients 1 Maximum Statistics N rate for 
Intercept Linear Quadratic yield f > F R2 maximum 
kg ha"1 kg ha"1 kg N ha"1 
Csp 3826 47.6 -0.097 9708 0.06 0.99 247 
Cfl 3690 38.0 -0.067 9077 0.02 0.99 284 
Cs 6650 36.1 -0.084 10554 0.02 0.99 216 
csCo 7228 38.5 -0.107 10688 0.07 0.99 180 
Csco 8517 24.9 -0.074 10622 0.05 0.99 169 
Ccco 8540 24.1 -0.072 10546 0.09 0.99 167 
cCco 5102 42.5 -0.090 10113 0.07 0.99 236 
ccCo 4650 36.6 -0.069 9519 0.02 0.99 266 
Ccoa 9794 5.5 -0.009 10679 0.05 0.99 323 
cCoa 6848 27.6 -0.054 10373 0.00 0.99 255 
Coaa 10201 2.5 -0.004 10638 0.61 0.63 351 
f Equations apply for N rates < the N rate needed to achieve the maximum (plateau) yield, 
which is the value at which quadratic and plateau portions of the models join. 
X  a, alfalfa; C or c, corn where a capital letter refers to continuous corn or the corn crop 
studied within the sequence; fl, fall N fertilization; o, oat undersown with alfalfa without hay 
harvest; s, soybean; sp, spring N fertilization. 
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Table 6. Linear regression of corn yield on time (1985-2004) for corn crops from various 
rotations at Kanawha (models fit to data in Fig. 9). 
Corn groupf N rate Linear coefficient 1 Probability 
kg N ha"1 f >F 
Csp 0 Six 0.33 0.01 
90 142x 0.40 0.01 
180 146x 0.31 0.01 
270 127x 0.32 0.01 
Cfl 0 125x 0.52 0.01 
90 104x 0.16 0.01 
180 141x 0.24 0.01 






 0.07 0.01 
90 lOlx 0.20 0.01 
180 95x 0.20 0.01 
270 113x 0.21 0.01 
CO 0 147x 0.26 0.01 
90 141x 0.23 0.01 
180 158x 0.23 0.01 
270 122x 0.23 0.01 
CCO 0 103x 0.18 0.01 
90 129x 0.20 0.01 
180 170x 0.36 0.01 
270 147x 0.27 0.01 
CA 0 154x 0.20 0.01 
90 144x 0.17 0.01 
180 162x 0.20 0.01 
270 187x 0.27 0.01 
cCoa 0 175x 0.28 0.01 
90 114x 0.24 0.01 
180 146x 0.32 0.01 
270 130x 0.31 0.01 
t a, alfalfa; CA, first corn after alfalfa; CCO, second corn after oat; cCoa, second corn after 
alfalfa; Cfl, corn after corn with fall N; CO, first corn after oat; CS, first com after soybean; 
Csp, com after com with spring N; o, oat undersown with alfalfa without hay harvest. 
X Units are Mg ha"1 for yield (intercepts are not shown) and year (1985 to 2004) for time (x). 
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Table 7. Stability analysis of corn yield for the experiment at Nashua (1979-2004). 
Corn Linear Probability Corn yield ^ 
crop N rate coefficient r2 of b = 1 * Mean Difference 
kg ha"1 P  >  F  Mg ha"1 
C 0 0.4 0.23 0.01 3.4 -4.4 
ccCs 0 0.4 0.26 0.01 3.4 -4.3 
cCs 0 0.3 0.18 0.01 3.3 -4.5 
cCcs 0 0.3 0.11 0.01 3.6 -4.3 
Cs 0 0.5 0.34 0.01 6.3 -1.5 
Ces 0 0.6 0.49 0.01 6.3 -1.5 
Cccs 0 0.6 0.55 0.00 6.3 -1.5 
cCoa 0 0.7 0.55 0.06 4.9 -2.9 
Ccca 0 1.3 0.67 0.15 8.3 0.5 
C 90 0.9 0.71 0.23 6.7 -1.0 
ccCs 90 0.8 0.59 0.07 6.5 -1.3 
cCs 90 0.9 0.73 0.25 6.8 -1.0 
cCcs 90 0.8 0.72 0.16 6.8 -1.0 
Cs 90 1.0 0.92 0.45 9.0 1.2 
Ces 90 1.1 0.92 0.35 8.9 1.1 
Cccs 90 1.0 0.93 0.67 8.7 0.9 
cCoa 90 1.1 0.87 0.15 7.6 -0.2 
Ccca 90 1.3 0.76 0.03 9.5 1.7 
C 180 1.0 0.91 0.45 8.2 0.4 
ccCs 180 1.1 0.89 0.07 8.1 0.3 
cCs 180 1.1 0.94 0.03 8.3 0.5 
cCcs 180 1.1 0.91 0.12 8.4 0.6 
Cs 180 1.2 0.93 0.01 9.7 1.9 
Ces 180 1.2 0.89 0.01 9.7 1.9 
Cccs 180 1.2 0.88 0.02 9.6 1.8 
cCoa 180 1.2 0.92 0.01 9.0 1.2 
Ccca 180 1.4 0.76 0.03 9.8 2.1 
C 270 1.2 0.88 0.04 8.7 0.9 
ccCs 270 1.2 0.91 0.03 8.7 0.9 
cCs 270 1.2 0.95 0.01 8.8 1.0 
cCcs 270 1.2 0.92 0.01 8.9 1.1 
Cs 270 1.2 0.81 0.05 10.0 2.2 
Ces 270 1.2 0.86 0.03 9.8 2.0 
Cccs 270 1.3 0.88 0.01 9.6 1.8 
cCoa 270 1.3 0.92 0.01 9.3 1.5 
Ccca 270 1.4 0.77 0.02 9.9 2.1 
f Mean, experimental yield mean for each year; Difference, treatment yield mean minus experimental 
yield mean. 
J Linear coefficient (b) of the regression of yield for each treatment on the experimental year mean. 
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Table 8. Stability analysis of corn yield for the experiment at Kanawha (1985-2004).^ 
Corn Linear Probability Corn yield T 
crop N rate coefficient r2 o f b = l %  Mean Difference 
kg ha"1 P  >  F  -Mg ha"1 
Csp 0 0.5 0.70 0.01 3.8 -5.2 
Cfl 0 0.6 0.76 0.01 3.7 -5.3 
ccCo 0 0.6 0.58 0.01 4.7 -4.3 
cCco 0 0.7 0.51 0.01 5.1 -3.9 
cCoa 0 0.7 0.44 0.19 6.8 -2.1 
Cs 0 0.5 0.50 0.00 6.6 -2.3 
csCo 0 0.7 0.52 0.03 7.2 -1.8 
Csco 0 0.8 0.73 0.11 8.5 -0.5 
Ccco 0 0.9 0.76 0.69 8.5 -0.4 
Ccoa 0 1.0 0.78 0.74 9.8 0.8 
Coaa 0 1.2 0.85 0.17 10.2 1.3 
Csp 90 1.0 0.87 0.74 7.5 -1.5 
Cfl 90 0.9 0.65 0.35 6.5 -2.5 
ccCo 90 0.9 0.69 0.43 7.3 -1.7 
cCco 90 0.9 0.79 0.63 8.4 -0.6 
cCoa 90 1.0 0.79 0.95 8.9 -0.1 
Cs 90 1.0 0.90 0.34 9.2 0.3 
csCo 90 1.0 0.84 0.91 9.8 0.8 
Csco 90 0.9 0.84 0.55 10.1 1.2 
Ccco 90 1.2 0.92 0.02 10.2 1.1 
Ccoa 90 1.2 0.85 0.14 10.2 1.2 
Coaa 90 1.2 0.81 0.21 10.2 1.2 
Csp 180 1.2 0.96 0.01 9.1 0.1 
Cfl 180 1.1 0.76 0.67 8.4 -0.6 
ccCo 180 1.0 0.86 0.96 9.1 0.1 
cCco 180 1.2 0.92 0.01 9.6 0.6 
cCoa 180 1.1 0.89 0.47 10.1 1.1 
Cs 180 1.0 0.90 0.82 10.4 1.4 
csCo 180 1.1 0.86 0.33 10.5 1.6 
Csco 180 1.1 0.87 0.24 10.4 1.7 
Ccco 180 1.3 0.87 0.02 10.7 1.4 
Ccoa 180 1.2 0.77 0.28 10.5 1.5 
Coaa 180 1.1 0.79 0.48 10.7 1.7 
f Mean, experimental yield mean for each year; Difference, treatment yield mean minus 
experimental yield mean. 
J Linear coefficient (b) of the regression of yield for each treatment on the experimental year 
mean. 
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Table 8 continued. 
Corn 




o f b = l  1  
Corn yield T 
Mean Difference 
f >F Mg ha"1 
Csp 270 1.0 0.94 0.42 9.8 0.8 
Cfl 270 1.2 0.85 0.08 9.0 0.05 
ccCo 270 1.1 0.84 0.54 9.5 0.5 
cCco 270 1.2 0.88 0.01 10.2 1.2 
cCoa 270 1.0 0.86 0.99 10.4 1.4 
Cs 270 1.0 0.88 0.65 10.6 1.6 
csCo 270 1.0 0.88 0.62 10.8 1.8 
Csco 270 1.1 0.87 0.18 10.6 1.6 
Ccco 270 1.1 0.92 0.14 10.6 1.6 
Ccoa 270 1.2 0.82 0.13 10.7 1.7 
Coaa 270 1.2 0.83 0.10 10.6 1.7 
f Mean, experimental yield mean for each year; Difference, treatment yield mean minus 
experimental yield mean. 

















-  - A -  -  -  P r e c i p i t a t i o n  
. „ _ _ _ M ean P recipitatio n 
200 
o o CM CO T U) (O N 00 O) 
_ _ CM CO LO CD h- 00 O) C .. _ . __ N 00 CO CO 00 00 00 00 CO CO 00 O) O) 0)0)0)0)0) 0)0)0) 
0 ) 0 ) 0 ) 0 ) 0 ) 0 ) 0 ) 0 ) 0 ) 0 ) 0 ) 0 ) 0 ) 0 ) 0 ) 0 ) 0 ) 0 ) 0 ) 0 ) 0 )  
o T- CNJ co ^r 
o o o o o 
o o o o o 
CN CN CM CNJ CM 
Figure 1. April-September precipitation and mean annual corn yield for 1979 to 2004 at 
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Figure 2. April-September precipitation and mean annual corn yield for 1985 to 2004 at 
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Figure 3. Rotation and N rate effects on com yield during 26 years for Nashua (1979-2004). 
Vertical bars represent LSD (P < 0.05) appropriate for testing corn crops at the same N rate. 
The N rates that produced the maximum yield (P < 0.05) were 90 kg ha"1 for Ccoa, Cs, Ces, 
and Cccs; and 180 kg ha"1 for C, cCcs, cCs, ccCs, and cCoa (a, alfalfa; C or c, corn where a 
capital letter refers to continuous com or the com crop studied within the sequence; 0, oat 
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Figure 4. Frequency of annual corn yield response ( P  <  0.05) to three N fertilization rates at 
Nashua (1979-2004) for four single or groups of corn crops (CC, corn after corn group; CS, 
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Figure 6. Net returns to N fertilization for corn over the time for Nashua (1979-2004). Each 
value represents the average of four consecutive years (CC, corn after corn group; CS, corn 
after soybean group; cCoa, second corn after alfalfa; Ccoa, first corn after alfalfa group). 
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Figure 7. Rotation and N rate effects on corn yield during 20 years for Kanawha (1985-
2004). Vertical bars represent LSD (P < 0.05) appropriate for testing corn crops at the same 
N rate. The N rates that produced the maximum yield (P < 0.05) were 0 kg ha"1 for Coaa and 
Ccoa; 90 kg ha"1 for Cs, csCo, Csco, Ccco, cCoa; and 180 kg ha"1 for Csp, Cfl, cCco, and 
ccCo [a, alfalfa; C or c, corn where a capital letter refers to continuous corn or the corn crop 
studied within the sequence; Cfl, continuous corn with fall N application; Csp, continuous 
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Figure 8. Frequency of annual corn yield response ( P  <  0.05) to three N fertilization rates at 
Kanawha (1985-2004) for seven single or groups of corn crops: Cfl, continuous corn with 
fall N; Csp, continuous corn with spring N; CCO, second and third corn after oat; cCoa, 
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Figure 9. Rotation and N fertilization effects on corn yield over time at Kanawha (1985-
2004). Vertical bars represent LSD (P < 0.05) appropriate to compare yield for each N rate 
within each year (Cfl, continuous corn with fall N; Csp, continuous corn with spring N; CS, 
corn after soybean group; CO, corn after oat group; CCO, second corn after oat group; CA 
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Figure 10. Net returns to N for corn yield over time for Kanawha (1985-2004). Each value 
represents the average of four consecutive years (Cfl, continuous corn with fall N; Csp, 
continuous corn with spring N; CS, com after soybean group; CO, corn after oat group; 
CCO, second corn after oat group; CA com after alfalfa group; cCoa, second com after 
alfalfa). 
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CHAPTER 3. EFFECTS OF CROP ROTATION AND NITROGEN 
FERTILIZATION FOR CORN ON SOIL NITRATE CONCENTRATION 
A paper to be submitted to Soil Science Society of America Journal 
Enrique Ortiz-Torres and Antonio P. Mallarino 
ABSTRACT 
The late-spring nitrate test (LSNT) is been recommended improve management of N 
fertilization in corn (Zea mays L.) production in Iowa but few studies evaluated long-term 
crop rotation effects on soil nitrate or determined critical concentrations for corn. The 
objectives of this study were to evaluate the effect of crop rotations and preplant N 
fertilization for corn on LSNT values and the performance of this test. Soil nitrate and corn 
yield data were collected from two Iowa experiments during 10 years. Rotations at a site 
near Kanawha were continuous corn with spring N (Csp) or fall N (Cfl), corn-corn-corn-oats 
(Avena sativa L.), corn-soybean [Glycine max (L) Merr.], corn-soybean-corn-oats, corn-
corn-oats-alfalfa (Medicago sativa L.), and corn-oats-alfalfa-alfalfa. Rotations at a site near 
Nashua were continuous corn, corn-soybean, and corn-corn-soybean, corn-corn-corn-
soybean, and corn-corn-oats-alfalfa. Fertilization rates for corn were 0, 90, 180, 270 kg N 
ha"1 at both sites. Higher concentrations of soil nitrate were observed for corn after alfalfa 
and corn fertilized with the highest N rates, while plots with continuous corn at Kanawha 
showed higher soil nitrate for spring-applied N than for fall-applied N. Fertilization 
increased soil nitrate for all corn crops linearly and rates of increase were similar (P < 0.05) 
for all crops at each site except for continuous corn at Kanawha, for which the increase was 
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smaller especially for fall-applied N. Results at Kanawha suggested that different sets of 
critical concentrations could be used for different crop sequences. Critical concentrations 
determined with the LP model for groups of crop sequences were 14-20 mg N kg"1 for com 
after corn (CC) excluding second com after alfalfa, 21-23 mg N kg"1 for com after soybean 
(CS), 25 mg N kg"1 for second com after alfalfa, 24-26 mg N kg"1 for corn after oat, and 
could not be determined for corn after alfalfa (CA) because of lack of yield response to N. 
Results at Nashua did not show clear differences between CC and CS, and critical 
concentrations were 17-26 mg N kg"1 for CC and 20-22 mg N kg"1 for CS using the LP 
model. This model did not fit reliably to data from CA and the critical concentration 
determined with a Cate-Nelson model was 20 mg N kg"1. A combined analysis across sites 
showed critical concentrations for CC and CS of 19 and 21 mg N kg"1 (LP model), 
respectively, and for CA of 20 mg N kg"1 (Cate-Nelson model). The results across sites 
support Iowa guidelines for the LSNT test that assume similar critical concentrations for CC 
or CS and lower for CS. Currently suggested critical concentrations with adjustments used 
for rainfall and price ratios approximately encompass values determined in this study. 
Abbreviations: a, alfalfa; C or c, corn where a capital letter refers to continuous corn or the 
corn crop studied within the sequence; CA, corn after alfalfa; CC, corn after corn; Cfl, 
continuous com with fall N; Ccco, first corn after oat; cCco, second com after oat; ccCo, 
third corn after oat; Cccs, first corn after soybean; cCcs, second com after soybean; ccCs, 
third corn after soybean; Ccoa, first corn after alfalfa; cCoa , second corn after alfalfa; Ces, 
first com after soybean; cCs, second com after soybean; Coaa, corn after 2 years of alfalfa; 
CS, com after soybean; Cs, corn after soybean; Csco, corn after oat; csCo, corn after 
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soybean; Csp, continuous corn with spring N; QP, quadratic plateau; LP, linear-plateau; s, 
soybean; o, oat. 
INTRODUCTION 
Corn is an important crop in the Midwest and in 2002 49 % of the Iowa cropland was 
seeded with corn (USDA-NASS, 2004). Farmers use N fertilization as a main input to 
increase corn yield and to obtain an economic return. Recent increases in production costs of 
N fertilizer have reduced the profitability of high N rates commonly used by farmers and 
make necessary adjustment fertilizer amounts and time of applications that gives better 
economic returns. Excessive or inappropriate N fertilization practices also could increase 
losses of N from fields that could contaminate ground and surface water resources (David 
and Gentry, 2000, Andraski et al., 2000; Diness et al., 2002; Howarth et al., 2002; Randall 
and Mulla, 2002). Improvements in N fertilization management, both in the amount and 
timing of fertilization, can prevent reductions in corn yield, returns to N fertilization, and 
minimize N losses. 
Increasing N application rates and soil nitrate-N concentrations result in increased 
risk of N leaching. For example, in a study by Andraski et al. (2000) economic optimum N 
rates (EONR) for corn ranged from 0 to 150 kg ha"1 depending on the site-year, and nitrate 
concentrations in soil water leaching below the root zone increased as the amount of N 
applied in excess of the observed EONR increased. Jaynes et al (2001) found that yearly 
nitrate loss through tile drainage was 29 and 48 kg N ha"1 with application of 62 and 187 kg 
N ha"1, respectively. Zhu and Fox (2003) found that the soil residual nitrate concentration 
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after corn harvest did not increase when N fertilizer rates applied to corn increased from 0 to 
100 kg N ha"1 but increased when N rates were 100 to 200 kg ha"1. 
The time of N application can have a major effect on N use efficiency. Application of 
N fertilization in fall for corn production is a common practice in Midwest but this practice 
could increase the probability of N leaching with early season precipitation. Vestch and 
Randall (2004) studied during 3 years in Minnesota effects of tillage system and fall or 
spring application of anhydrous ammonia on yield of corn following soybean. In one year, 
when April and May were wetter and warmer, grain yield and total N uptake were reduced 
20 and 27% respectively with fall N compared with spring N and apparent N recovery was 
reduced from 87% for spring N to 45 % by fall N. Corn production and N use were not 
affected by time of N application in the other two years. Welch et al. (1971) found that fall 
fertilization was 10-20 % less efficient at increasing corn yield compared with spring 
fertilization at 67 and 134 kg N ha"1 but the times of application N were equally efficient at 
201 and 268 kg N ha"1. Other research in the northern Corn Belt including several years 
(such as that by Randall and Mulla, 2001, and Randall et al., 2003) have found that although 
more than one-half of the annual nitrate loss through tile drainage occurred during April, 
May, and June, N loss in the tile drainage were 13 to 36% lower for spring applied N than for 
fall applied N. 
Crop rotation often improves corn yield compared with monocropping (Peterson and 
Varvel, 1989; Porter, et al., 1997). Crop rotation has a beneficial influence on availability of 
nutrients (Omay et al., 1998), water (Roder et al., 1989), physical properties (Pottker, 1987; 
Varvel, 1994; Robinson et al., 1996; Liebig et al., 2002), and in the incidence of insects 
(Brust and King, 1993) and diseases (Howard, 1998). Including a legume in the rotation with 
corn reduces the need for N fertilizer and often increases yield levels even at N rates that 
maximize yield compared with monoculture because legumes result in increased N 
availability and improve other soil properties. Such as result has been reported by Pottker 
(1987), Petersen and Varvel (1989), Crookston et al. (1991), Meese et al. (1991), Omay et al. 
(1998), and Varvel and Vilhelm (2003) for the corn-soybean rotation and by Bruulsema and 
Christie (1987) and Carpenter-Boggs et al. (2000) for the corn-alfalfa rotation. Recent 
studies in two long-term Iowa sites (Ortiz-Torres and Mallarino, Chapter 2 in this 
Dissertation) indicated that, for example, corn after soybean responded to 180 kg N ha"1 0 to 
35% of the time while corn after corn responded to this rate 45 to 68 % of the time. Russell 
et al. (2005) studied at the same sites the effect of N fertilization (0, 90, 180, and 270 kg ha"1) 
and four cropping sequences (continuous corn, corn-soybean, corn-corn-oats alfalfa, and corn 
oat-alfalfa-alfalfa) on soil organic C (SOC) and found that rotations that included alfalfa 
increased SOC concentrations compared with continuous corn and corn following soybean. 
Also, Russell et al. (2006) measured potential net N mineralization and microbial biomass C 
(MBC) through the growing season at the same sites and found that including alfalfa in the 
rotation increased all these measurements and reduced bulk density. Current 
recommendations to N fertilization for com in Iowa consider alfalfa supply of N. For corn 
after established alfalfa, second corn after alfalfa, corn after soybean, and other corn after 
com the recommendation ranges are 0-34, 0-67, 100-150, and 168-224 kg N ha"1, 
respectively (Blackmer, et al., 1997). 
Strategies for improving use of N fertilizer and reducing nitrate loss also include 
using soil testing. The late spring nitrate test (LSNT) is based on the measurement of nitrate-
N concentration in the 30 cm surface layer of soil when the plants are 15-30 cm tall. This 
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test has shown reasonably good correlations with yield response to N fertilization (Magdoff 
et al., 1984 and 1990; Blackmer et al., 1989; Fox et al., 1989; Binford et al., 1992; Bundy et 
al., 1999). Use of the LSNT also has been a useful tool to reduce nitrate loss to water 
resources. For example, Jaynes et al. (2004) evaluated the effect of implementing the LSNT 
to determine N fertilization rates for corn in adjacent sub-basins in central Iowa by 
comparing fertilizer use and nitrate concentrations in water discharge. In 2 of 4 years, use of 
LSNT significantly reduced N fertilizer application compared with the farmers' standard 
practices and nitrate concentrations in water discharge were reduced 30 %. 
The current Iowa recommendations for corn after corn and corn after soybean suggest 
a critical LSNT concentration of 25 mg N kg"1 (although it is adjusted by rainfall shortly 
before sampling) and 16-20 mg N kg"1 for corn after alfalfa (Blackmer et al., 1997). 
Blackmer et al. (1989) studied the relationship between yield of corn after corn and corn after 
soybean and LSNT results across 756 plots at several locations during 1985 to 1986. A 
linear-plateau (LP) model showed that nitrate concentrations explained 82% of the variability 
in relative yield across all data colleted. Although this model indicated that 21 mg N kg"1 
was needed to attain maximum yield, they suggested that the range of 20 to 25 mg kg"1 
should be considered optimal. Binford et al. (1992) in a study that involved 45 site-years of 
with corn after corn or corn after soybean reported that the nitrate critical concentration was 
23 to 26 mg N kg"1 in the surface 30 cm layer of soil (LSNT) and 16 to 19 mg N kg"1 in the 
surface 60-cm layer. Morris et al. (1993) studied N fertilization for first corn grown after 
alfalfa at 29 trials and reported an LSNT critical concentration of 14 mg N kg"1. Bundy and 
Meisinger (1994) reported that across a wide range of conditions soil nitrate concentrations 
of 20 to 25 N kg"1 indicate optimal N supply for corn after soybean. 
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Most studies referred to above did not compare LSNT levels or critical concentrations 
for corn grown after different crops in the same location and growing conditions. Also, there 
is insufficient information about the effect of crop rotation and N fertilization rate on LSNT 
results over many years of cropping and fertilization at similar N rates. Therefore, the 
objectives of this study were to evaluate the effect of several crop rotations and N 
fertilization rates for corn on soil nitrate-N concentration and the performance of the LSNT 
to assess N availability for corn in several cropping sequences. 
MATERIALS AND METHODS 
Experiments, Sites, and Treatments 
Corn grain yields and soil samples collected from 1994 to 2004 (except for 1998 
when soil samples were not collected) from plots of two Iowa long-term rotation and N 
fertilization experiments were analyzed for this study. Details about the sites, field 
procedures, treatments, yield harvest, and data management were described in detail by 
Ortiz-Torres and Mallarino (Chapter 2 of this Dissertation) and only a brief summary is 
included here. Field experiments were located in the Northeast Research and Demonstration 
Farm near Nashua (hereon referred to as Nashua) and in the Northern Research and 
Demonstration Farm near Kanawha (hereon referred to as Kanawha). The experiment at 
Nashua was established in 1979 on an area with Kenyon (fine-loamy, mixed, superactive, 
mesic Typic Hapludoll) and Readlyn (fine-loamy, mixed, superactive, mesic Aquic 
Hapludoll) soils, with a mean particle-size distribution (15 cm depth) of 31.9 % sand, 45.6 % 
silt, and 22.5 % clay. The study at Kanawha was established in 1954 on an area with 
Webster soil series (fine-loamy, mixed, superactive mesic, Typic Endoaquolls), with a mean 
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particle-size distribution at 15 cm depth of 21.9 % sand 44.9 % silt, and 33.2% clay. In both 
sites, uniform rates of P and K fertilizers were applied periodically as needed to maintain 
optimum to high levels for the most demanding rotation. The corn hybrids or varieties of 
soybean, oat, and alfalfa varied over time at both sites to use improved hybrids and varieties 
as they were developed for the regions. The tillage system at Nashua included chisel-
plowing in the fall and disking in spring for corn or alfalfa residues and only disking in 
spring for soybean residue. The tillage system at Kanawha for all crops involved moldboard 
plowing in the fall and disking in spring. 
The study at Nashua included seven crop rotations and four N rates applied only to 
com that did not change over time. The rotations were (1) continuous corn for grain, (2) 
continuous corn for silage, (3) corn-soybean, (4) com-corn-soybean, (5) corn-corn-corn-
soybean, (6) corn-corn-oats-alfalfa, and (7) continuous soybean. In order to grow all crops of 
each rotation every year, each replication was subdivided into as many plots as needed to 
accommodate the entire crop sequence of each rotation each year. Because only soil nitrate 
and grain yield of corn are analyzed in this study, nine different com crops were defined 
according to the rotation and their position in the sequence of each rotation. Table 1 shows 
rotations, cropping sequences for each rotation, the defined com crops, and codes used. A 
capital letter (C) in a crop code indicates the com crop of a sequence being referred to. For 
example, the cCoa refers to the second corn of the corn-corn-oats-alfalfa rotation. Oat was 
always undersown with alfalfa, no alfalfa hay was harvested the seeding year, and usually 
there were three hay harvests in the second year. Therefore, hereon oat refers to grain from 
oat and alfalfa refers to hay harvested in the second year. Each crop plot was subdivided into 
four subplots each measuring 4.6 m by 15.2 m to accommodate four N fertilization 
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treatments only for corn. The N rates were 0, 90, 180 and 270 kg ha"1 with urea broadcast in 
spring and incorporated immediately after the application by disking. 
The study at Kanawha also included seven crop rotations and four N rates applied 
only to corn but some rotations differed from those at Kanawha. Also, although some 
rotations and N rates have changed over time, all treatments have remained the same since 
1984. The rotations evaluated since 1984 until 2004 included (1) continuous corn with N 
fertilization in spring, (2) corn-corn-corn-oats, (3) corn-soybean, (4) corn-soybean-corn-oats, 
(5) corn-corn-oats-hay, (6) corn-oats-hay-hay, and (7) continuous corn with N fertilization in 
fall. The hay involved a mixture of alfalfa and red clover (Trifolium pratense L.) at similar 
seeding rates always seeded with oat until 1996 and pure alfalfa since then. Only oat grain 
was harvested in the seeding year (no hay harvest) and three hay harvests were made in other 
years. Therefore, hereon, oat refers to grain from oat undersown with the forage legume, and 
alfalfa refers alfalfa-red clover or alfalfa hay harvested after the seeding year. In contrast to 
methods at Nashua, each replication (two) was subdivided to include four plots for 4-year 
rotations for all rotations even for continuous corn and the corn-soybean rotation. Therefore, 
each replication included four continuous corn plots, two corn-after-soybean plots, and two 
soybean-after-corn plots. Table 1 shows rotations and the defined corn crops and codes. 
Each crop plot was subdivided into four subplots each measuring 6.1 m by 12.2 m to 
accommodate four N fertilization treatments only for corn. Since 1984, and during the 
period of this study, N rates have been 0, 90, 180, and 270 kg N ha"1. Nitrogen was applied 
as urea in the fall for continuous corn with fall N and in spring (April) for corn of all other 
rotations. The urea applied in the fall was incorporated by moldboard plowing and that 
applied in spring by disking. 
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Soil samples were collected during late May and early June from the 30 cm 
superficial soil layer when corn plants were 15-30 cm tall as indicated for the LSNT. A 
composite sample made up of 12 cores was collected from each plot. The soil samples were 
dried in a forced-air oven at 40 °C and were ground to pass a 2 mm sieve. Duplicate sub-
samples (10 g) were shaken with 50 mL 2MKC1 for 15 min, filtered, and analyzed for 
nitrate-N concentration by using a Lachat flow-injection analyzer (Lachat instruments, 
Milwaukee). Results of the duplicate analyses were averaged and expressed as NO3-N 
concentration in the soil, which hereon is referred to as soil nitrate. Corn grain yield was 
harvested with plot combines from three to four central rows of each plot depending on the 
site. Grain moisture was measured for each plot, and grain yield was adjusted to 155 g kg"1 
moisture concentration. 
Data Management and Statistical Analyses 
The experimental layout at both sites was a randomized complete-block, split-plot 
design with corn crops in main plots and N rates were sub-plots. There were three 
replications at Nashua and two replications at Kanawha. Yield and soil-test data from the 
additional plots within each replication at Kanawha for continuous corn and the corn-soybean 
rotation were considered as samples within replications and averaged. Ortiz-Torres and 
Mallarino (Chapter 2 of this Dissertation) summarized rotation and N fertilization effects on 
corn yield. The grain yield data used in this study is expressed as relative response to N. 
Relative response was calculated for each site-year and corn crop by dividing the mean yield 
of non-fertilized plots by the mean of the highest N fertilization treatment and multiplying 
the result by 100. 
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Analysis of variance (ANOVA) assessed effects of crop rotation and N fertilization 
on soil nitrate both within and across years according to the experimental design in each site 
using the General Linear Models (GLM) procedure of SAS (SAS Inst., 2004). A primary 
ANOVA for each site included main effects for corn crops, N rates, and interactions between 
crop and N rate, crop and year, N rate and year, and a triple interaction. Additional ANOVA 
assessed treatments effects by year. To compare treatments means, the sums of squares of 
the interactions were partitioned using least significance difference (LSD) or orthogonal 
contrasts (categorical or for continuous trends) as indicated in tables and figures. Because of 
the large number of combinations of crops and N rates and often similar (P < 0.05) soil 
nitrate levels and response to N fertilization, results for some corn crops were averaged. 
Relationships between relative grain yield and soil nitrate were analyzed to determine 
soil nitrate critical concentrations. Soil-test critical concentrations have been shown to vary 
significantly depending on the model used even when models R2 are similar (Dahnke and 
Olson, 1990; Mallarino and Blackmer, 1992). These authors and others showed that critical 
concentrations identified by fitting the linear-plateau (LP) and quadratic-plateau (QP) 
segments models (Waugh et al., 1973) often are intermediate between those identified by 
Gate-Nelson (Gate and Nelson, 1971) and quadratic models or models with asymptote to a 
maximum relative yield and are more reasonable when considering agronomic and economic 
responses to soil nutrient levels. Therefore, critical concentrations were determined with the 
LP and QP models using the Nonlinear Model (NLIN) procedure of SAS, and represent the 
soil-test values at which the two proportions of each model joined. 
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RESULTS AND DISCUSSION 
Precipitation, Temperature and Average Soil Nitrate Concentrations 
Figures 1 and 2 show rainfall, temperature (Iowa Environment Mesonet, 2005), and 
annual mean concentration of soil nitrate in Nashua and Kanawha. In Kanawha (Fig. 1), the 
variation pattern over time for soil nitrate was very large and approximately followed in an 
inverse matter the variation patterns for rainfall from May through June but relationships 
were very poor and variable. For example, 2002 was the season with the lowest rainfall (119 
mm) but soil N was the second highest (36 mg NO3-N kg"1). Although rainfall was 
approximately similar from 1999 through 2000 there was a large variation in soil N 
concentrations (from 14 to 31 mg NO3-N kg"1). The variation over time for temperature and 
soil nitrate matched better than the variation for rainfall and nitrate and followed a direct 
relationship. For example, the trends were approximately parallel from 1994 through 1996 
and from 2002 through 2004. However, although temperature was approximately similar in 
1999 and 2000, soil nitrate levels differed greatly. In fact, neither rainfall nor temperature 
explained soil nitrate concentrations in these 2 years. Study of rainfall and temperature in 
other periods (not shown) did not clearly explain the results. 
In Nashua (Fig. 2), the variation patterns over time for rainfall and soil nitrate 
concentrations did not relate in a consistent matter. Spring rainfall was approximately 
similar for 1994 through 1997, 2001, and 2003 but soil nitrate concentrations varied greatly 
and, moreover, decreased sharply from 1994 until 1997. However, the season with the 
highest soil nitrate concentration (2002) coincided with the lowest rainfall. In contrast, and 
similarly to observations for Kanawha, soil nitrate concentrations tended to approximately 
follow the temperature variation over time in a direct relationship. For example, trends were 
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approximately parallel from 1994 through 1997 and from 2000 through 2004. However, 
trends did not match well for other years, such as in 1999 and 2000. 
Figure 3 shows data points and linear models for relationships between annual means 
of soil nitrate and rainfall or temperature during the May-June period for the two sites. The 
results show significant relationships only for temperature in Nashua, although soil nitrate 
tended to increase with temperature and to decrease with rainfall at both sites. The mean 
temperature in Nashua explained the 46 % of the variation in soil nitrate concentration. A 
regression model with rainfall and temperature and their interaction (not shown) was 
significant for both sites (P < 0.05) and explained a higher proportion of the variation in soil 
nitrate. Such a model explained 67 and 83 % of the total variability at Nashua and Kanawha, 
respectively. 
Previous research has shown increased N loss with high rainfall and temperature. 
For example, Vestch and Randall (2004) studied during 3 years in southern Minnesota effects 
of tillage and two times of N application for corn following soybean. Anhydrous ammonia at 
123 kg N ha"1 was applied either in late October or in April before planting. In one year, 
when April and May were wetter and warmer, grain yield and total N uptake were reduced 
20 and 27%, respectively, by fall N compared with spring N and apparent N recovery was 
reduced from 87 % for spring N to 45 % for fall N. 
Rotation and N Fertilization Effects at the Kanawha Site 
Treatment effects across years. 
Figure 4 shows mean of soil nitrate concentration across the 10 years of the study for 
Kanawha as affected by cropping sequences and N fertilization. The comparison of corn 
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crops across cropping sequence and N fertilization rate shows that nitrate concentrations 
were affected by the cropping sequence in the rotation. Furthermore, the response to N 
differed among some crops as indicated by a significant (P < 0.05) interaction between corn 
crop and N rate. The Coaa corn crop had the largest soil nitrate concentration across N rates 
and years and on average had 39 mg N kg"1. A second ranking group was integrated by the 
two com after oat sequences (Ccco and Csco), which had very similar nitrate concentrations 
(on average 32 mg N kg"1). Several corn crops having similar nitrate concentrations for all N 
rates integrated a third group. These were second corn after alfalfa (cCoa), corn after 
soybean (csCo and Cs), and both second and third corn after oat (cCco, ccCo) that on average 
had 27, 27, 26, 27 and 24 mg N kg"1, respectively. 
The lowest concentration of soil nitrate was for continuous corn either with 
fertilization in spring or fall. However, the Csp crop had higher nitrate concentration than 
Cfl for all N rates, which on average were 21 and 13 mg N kg"1, respectively. Several studies 
have reported that fall N fertilization has more probabilities of nitrate leaching beyond 
superficial soil layers. Vestch and Randall (2004) reported that when April and May were 
wet and warm, grain yield and total uptake were reduced 20 and 27% respectively with fall 
N, and apparent N recovery was 87 % for spring N and 45 % for fall N. Welch et al. (1971) 
found that fall fertilization was 10-20 % less efficient at increasing corn yield when 
compared with spring fertilization at 67 and 134 kg N ha"1 but corn yields were equal at 201 
and 268 kg N. Randall et al. (2003) found that nitrate losses can be reduced by 13 % by 
applying N in the spring compared with late in October. 
Data in Fig. 4 shows that N fertilization increased soil nitrate concentrations for all 
corn crops. Although responses for some crops seemed curvilinear, a curvilinear model was 
not significantly different (P < 0.05) from a linear model (a quadratic coefficient was not 
significant after a linear coefficient) for any single corn crop or for averages of corn groups 
mentioned above and the R2 increase was < 0.02. Therefore, Table 2 shows linear equations 
fit to relationships between soil nitrate and N rate for the five groups of corn crops with 
distinct soil nitrate concentrations that were Coaa, corn after oat (Ccco and Csco), other corn 
crops grown in rotation, Csp, and Cfl. The data in Fig. 4 and Table 2 show that the rate of 
increase in soil nitrate as N rates increased was agronomically or statistically (by partitioning 
sums of squares of the interaction between corn crop and N rate to test differences between 
linear trends) similar for most com crops, with a few important exceptions. The exceptions 
were that the rate of soil nitrate increase was smaller for continuous com with wither spring 
(Csp) or fall (Cfl) N application than for corn grown in rotation. Moreover, the rate of 
increase for Cfl was smaller than for Csp. The soil nitrate rates of increase were 0.054, 
0.107, and 0.162 mg N kg"1 per kg of N applied, respectively, for Cfl, Csp, and the average of 
all other corn crops. The difference between Csp and other crops having N applied in spring 
might be explained by larger immobilization of mineral N with continuous corn. For 
example, Russell et al. (2006) found increased soil potential net N mineralization and 
microbial biomass C when legumes were included in rotation with corn. Smaller amounts of 
soil nitrate and rate of nitrate increase for Cfl compared with Csp might be explained by 
larger losses of N probably by leaching. 
Treatment effects over time. 
A combined ANOVA across corn crops, N rates, and years for results from Kanawha 
showed that the three double interactions were significant (P < 0.05) but the triple interaction 
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was not significant (not shown). Significant double interactions indicated that the mean soil 
nitrate response to N during the study period differed between corn crops (which was 
discussed in the previous section), and that the differences between corn crops in mean soil 
nitrate level and response to N fertilization differed across the years. A lack of significance 
for the triple interaction between corn crop, N rate, and year indicated that differences in soil 
nitrate response to N between corn crops were small or not different across time. 
Figure 5 shows soil nitrate concentrations over time as affected by N fertilization for 
the 11 com crops. Nitrogen fertilization increased the nitrate concentration in the soil and the 
response varied greatly across years. For example, in 1999 and 2001 there was a limited 
effect of N fertilizer on nitrate concentration. However, study of responses in early and 
recent years show no consistent differences over time in soil nitrate responses. The 
variability in soil nitrate across replications usually was large, as indicated by LSD bars. 
Therefore, although soil nitrate usually increased up to 270 kg N ha"1, differences between N 
rates sometimes were not significant at P > 0.05. Continuous com with fall-applied had 
lower levels of soil nitrate and lower response to N compared with all other corn crops. Soil 
nitrate for the Csp corn crop responded significantly to N fertilization in one-half of the years 
while for Cfl soil nitrate response was significant only in 2 years. These results confirm 
previous observations for 10-year averages and suggest higher N loss for fall N application. 
Rotation and N Fertilization Effects at the Nashua Site 
Treatment effects across years. 
Figure 6 shows the mean soil nitrate concentration across the 10 years of the study for 
Nashua as affected by cropping sequence and N fertilization. Nitrate concentration in the 
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soil was affected by cropping sequence and N fertilization. The results showed that there 
were three defined groups of corn crops with statistically similar (P < 0.05) mean nitrate 
concentrations. The highest concentration of soil nitrate was for corn after alfalfa (Ccoa) 
with 37 mg N kg"1. A group with intermediate soil nitrate concentrations (on average 28 mg 
N kg"1) included corn after soybean (Cs, Ces, Cccs) and second corn after alfalfa (cCoa). 
The lowest concentrations (on average 24 mg N kg"1) corresponded to a group that included 
continuous corn (C) and all other corn after corn crops (cCcs, cCs, and ccCs). This grouping 
based on means across N rates was consistent across all N rates for most crops, although 
statistically (P < 0.05) data for some corn crops or groups did not differ for the 270 kg rate. 
In contrast to results at Kanawha, data in Fig. 6 and fits of linear or quadratic models 
(not shown) indicated that soil nitrate increased linearly with increasing N rates for all corn 
crops. Data in Fig. 6 and a lack of significant interaction in ANOVA between crops and the 
linear component of the N effect (not shown) indicate no agronomical or statistical 
differences in rates of soil nitrate increase between corn crops. On average, soil nitrate 
increased 0.139 mg N kg"1 per kg of N applied. The soil nitrate rates of increase at this site 
were twice those observed for continuous corn with fall N application at Kanawha but 
comparable to those for other crops. 
Treatment effects over time. 
Figure 7 shows soil nitrate concentrations in Nashua as affected by N fertilization 
rates for each cropping sequence. The 1997, 1999, and 2004 seasons showed the lowest 
concentrations of nitrate. Rainfall and temperature can partly explain these low levels in 
nitrate concentration. In 1999 and 2004, rainfall was 46 and 42 % higher than the 54 year 
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mean for the May-Jun period. In 1997, the mean temperature was 1.4 °C below the average 
of 54 years for May-Jun period. The variability in soil nitrate across replications usually was 
as large as in Kanawha, as indicated by LSD bars. For reasons not completely identified or 
understood, N fertilization resulted in higher soil nitrate concentrations for most crops during 
2000 through 2002 than in other years (rainfall and temperature data discussed above did not 
explain results clearly). Data for the last 2 years (2003 and 2004) were comparable to results 
observed in early years of the study. 
Relationship Between Soil Test Nitrate and Corn Yield 
Kanawha site. 
Figure 8 shows the relationships between soil nitrate concentration and relative corn 
yield for the 11 types of corn crops at Kanawha. The graphs for the different crops reflect 
rotation and N fertilization effects on soil nitrate discussed in previous sections and effects on 
corn yield summarized by Ortiz-Torres and Mallarino (Chapter 2 of this Dissertation). Soil 
nitrate levels were lowest for the corn after corn crops and highest for corn after alfalfa. 
Yield responses showed the opposite trend, with higher response for corn after alfalfa than 
for other com crops. Comparison of relative yields for plots with low soil nitrate values for 
corn after alfalfa with other corn crops confirms previous research by Morris et al. (1993) in 
showing that a certain LSNT value often relates to higher yield levels for corn after alfalfa. 
Yield of com after alfalfa, mainly for Coaa and in a lesser extent for Ccoa, were at maximum 
or near maximum levels with soil nitrate levels between approximately 10 to 20 mg N kg"1 
but often was lower for other com crops. The methods used in this study do not allow for 
certain explanation for this result. However, as Morris et al. (1993) suggested, we speculate 
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this result might be explained by organic N sources in soil after alfalfa that release N 
throughout the season. This hypothesis seems supported by increased potential N 
mineralization measured by Russell et al. (2006) in corn after alfalfa compared with other 
corn crops in these experiments and others. 
Table 3 shows the critical concentrations of soil nitrate calculated by LP and LQ 
models. The critical concentration varied according to the model used, as was shown before 
by others (Dahnke and Olson, 1990; Mallarino and Blackmer, 1992), although both models 
fitted the data with very similar R2 values and statistical significance. No model fit well (P < 
0.05) to data from Coaa or fit very weakly to data from Csco (R2 = 0.23 for both LP and QP) 
because of small or no response to increased soil nitrate due to fertilization (Fig. 8). 
Excluding these rotations, critical concentrations across all other corn crops ranged from 14 
to 26 mg N kg"1 with the LP model and 20 to 37 mg N kg"1 with the QP model. 
The range of nitrate critical concentrations determined with the LP model were 14-20 
mg N kg"1 for corn after corn (Cfl, Csp, cCco, and ccCo) excluding cCoa, 21 and 23 mg N 
kg"1 for corn after soybean (csCo and Cs), 25 mg N kg"1 for cCoa, and 24 and 26 mg N kg"1 
for corn after oat (Csco and Ccco). Critical concentrations with the QP model were 20-30 for 
corn after corn (excluding cCoa), 29 and 34 for corn after soybean (csCo and Cs), 37 mg N 
kg"1 for cCoa, and 36 mg N kg"1 for corn after oat (only for Ccco because this model did not 
fit for Csco). The poor fit of relationships between soil nitrate and yield for corn after alfalfa 
do not allow for reasonable determination of critical concentrations. However, observations 
of data in Fig. 8 for Ccoa and Coaa suggest that concentrations as low as 10 mg N kg"1 can 
produce near maximum corn yield after alfalfa. Morris et al (1993) concluded based on a net 
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return analysis that the critical concentration of soil nitrate for corn following alfalfa was 14 
mg N kg"1. 
The results from this site indicate that different sets of critical concentrations could be 
used for corn after corn (especially for continuous corn), corn after soybean, and corn after 
alfalfa. The differences between critical concentrations for corn after corn and corn after 
soybean were small and overlap (for example, 14-20 and 21-23 mg N kg"1 for the LP model, 
respectively). The critical concentration range indicated by the LP model for corn after 
soybean is within ranges reported by Blackmer et al. (1989) for corn after corn and corn after 
soybean (20-25 mg N kg"1) and by Bundy and Meisinger (1994) for corn after soybean (20-
25 mg N kg"1). The differences in critical concentrations between com crops may be 
explained by differences in N supply during the season after soil sampling that the one-time 
soil nitrate measurement cannot assess. Although we found no reasonable or supported 
explanation for a lower critical concentration for com after com than for corn after soybean, 
a lower critical concentration for corn after alfalfa likely results from more abundant 
mineralizable organic N. 
Nashua site. 
Figure 9 shows the relationships between nitrate concentration in the soil and relative 
corn yield for the nine com crops at Nashua. Similarly to results for Kanawha, relationships 
reflect rotation and N fertilization effects on soil nitrate discussed in previous sections of this 
chapter and yield responses described in a previous chapter. Soil nitrate levels were lowest 
for continuous com and highest for corn after alfalfa, and yield responses showed the 
opposite trend. In contrast to results for Kanawha, comparison of relative yields for plots 
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with low soil nitrate values for corn after alfalfa and other corn crops did not clearly indicate 
a clear different meaning of a certain low LSNT value in terms of corn yield probably 
because in this site the rotation includes only one year of alfalfa. 
Table 4 shows the critical concentrations of soil nitrate calculated by LP and LQ 
models. The critical concentration varies according to the model used even though both 
models fitted the data with very similar R2 values and statistical significance, as was shown 
before for Kanawha. The lowest R2 values were for Ccoa (0.52 and 0.53 for LP and QP 
models, respectively), probably because this corn crop showed few plots with low nitrate 
values and limited response to increased soil nitrate values due to fertilization. The range of 
critical concentrations with the LP model was 17-26 mg N kg"1 for corn after corn (C, ccCs, 
cCs, cCcs, and cCoa), 20-22 mg N kg"1 for corn after soybean (Cs, Ces, and Cccs), and 29 
mg N kg"1 for corn after alfalfa (Ccoa). Critical concentration ranges for these corn groups 
with the QP model were 28-37, 32-36, and 39 mg N kg"1. Although the R2 values of 
relationships for Ccoa seemed reasonable (0.52 and 0.53), the shape of the response curve 
and few nitrate values resulting in yield response (Fig. 9) do not provide reasonable model 
fits. Determining critical concentrations based on splitting the responses in two classes, such 
as the Cate-Nelson model (Cate and Nelson, 1971) indicated that the critical concentration 
for Ccoa would be 20 mg N kg"1. Previous research (Mallarino and Blackmer, 1992) 
indicated that this method is more conservative than other methods and does not provide 
reasonable critical concentrations when the response follows a curvilinear and continuous 
relationship. In this case, a value of 20 mg N kg"1 is more reasonable than 29 mg N kg"1 
because it relates better to the shape of the response in Fig. 9 and results for other corn crops. 
Therefore, results for this site do not show clear differences in critical concentrations across 
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crops. Critical concentrations determined across all crops shown in Table 4 (21 and 32 mg N 
kg"1 for LP and QP models, respectively) represented reasonable well concentrations found 
for individual crops. The methods used in this study do not allow for an explanation of 
differences between sites concerning this point. Perhaps differences in soil types and 
drainage (better drained soil in Nashua than in Kanawha) affect mineralization of organic N 
in soil and residues during the season in a different manner. 
Critical concentrations of soil nitrate across sites. 
Data in Fig 10 and Table 5 show critical concentrations of soil nitrate across both 
sites for groups of com crops having approximately similar crop sequences in both sites. For 
this group analysis, crop sequences that existed only at one site were excluded (such as com 
after oat in Kanawha) or were merged with the group having a more similar sequence (such 
as corn after one year with alfalfa at both sites and corn after 2 years of alfalfa at Kanawha). 
Therefore, the corn groups were corn after com, corn after soybean, and com after alfalfa. 
Critical concentration of nitrate for com after com, com after soybean, and corn after alfalfa 
were 19, 21, and 29 mg N kg"1, respectively for the LP model and 30, 33, and 54 mg N kg"1, 
respectively for the QP model. Although both models were significant (P < 0.05) for corn 
after alfalfa, obviously the estimated critical concentrations are not reasonable based on 
observation of the response in Fig. 10, very low R2 for both models (0.30 and 0.33), and 
differences from those for other com crops and ought to be attributed to model bias. The 
critical concentration determined by the Cate-Nelson model (not shown in Table 5) was 20 
mg N kg"1, which is a more logical result. Critical concentrations for soil nitrate across all 
crops and sites were 19 and 26 mg N kg"1 for LP and QP models, respectively. These 
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combined range matches well with critical concentrations of 20-25 mg N kg"1 reported by 
Blackmer et al. (1989) corn after corn and corn after soybean and by Bundy and Meisinger 
(1994) for corn after soybean, and with concentrations recommended in Iowa (Blackmer et 
al., 1997) for corn after corn and corn after soybean (25 mg N kg"1 with some corrections 
according to rainfall during the few weeks before sampling). 
Contrary to results at Kanawha, interpretation of results for critical concentrations 
determined at Nashua and across sites do not provide strong support for establishing different 
sets of critical concentrations for com after com and com after soybean because the 
differences would be too small to have practical relevance. For example, ranges of critical 
concentrations defined by the LP and QP models were 19 to 30 mg N kg"1 for corn after com 
and 21 to 33 mg N kg"1 for corn after soybean. Any differentiation according to previous 
crop is further complicated by a lack of an obvious reason for a slightly lower critical 
concentration for corn after corn than for com after soybean shown here and a larger 
difference shown in Kanawha. On the other hand, the results do indicate lower critical 
concentrations for com after alfalfa. Data from the experiment at Kanawha did not support a 
specific critical concentration because yield of com after 2 years of alfalfa was unrelated to 
soil nitrate even though values were as low as 10 mg N kg"1. Results from Nashua for com 
after one year of alfalfa and from a combined analysis across both sites for corn after one or 
two years of alfalfa indicated that a yield response to N fertilization is unlikely at nitrate 
levels > 20 mg N kg"1. Current guidelines used in Iowa (Blackmer et al., 1997) for corn after 
alfalfa based on short-term trials conducted at farmers' fields (Morris et al., 1993) suggest a 
critical level range of 16-20 mg N kg"1, although an optional small amount of N fertilizer (33 
kg N ha"1) is suggested for up to 25 mg N kg"1 with normal spring rainfall and favorable price 
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ratios (when 3.7 kg corn grain buy more than 1 kg N). Therefore, the results tend to support 
Iowa guidelines for the LSNT test that assume similar critical concentrations for corn after 
corn and corn after soybean but lower for corn after alfalfa because adjustments being 
suggested for rainfall and price ratios largely encompass critical concentrations determined in 
this study. 
CONCLUSIONS 
Cropping sequences and N fertilization affected the concentration of soil nitrate as 
evaluated by the LSNT. At Kanawha, the ranking in average concentration of soil nitrate 
across N rates for the cropping sequences was corn after alfalfa, other com crops in rotation, 
continuous com with spring fertilization, and continuous corn with fall fertilization (39, 32, 
26, 21, and 13 mg N kg"1, respectively). The difference between spring and fall fertilization 
could be due to the increased probability of nitrate leaching for fall-applied N. At Nashua, 
com after alfalfa also had the highest soil nitrate concentration across N rates with 37 mg N 
kg"1, and was followed by corn after soybean with an average of 28 mg N kg"1 and corn after 
com with an average of 24 mg N kg"1. Fertilization increased soil nitrate concentration 
linearly for all corn crops, and on average across the evaluation period the increase was 
statistically the same within each site except at Kanawha, where rates of increase were 
smaller for continuous corn with spring or fall N fertilization (and smallest for fall 
fertilization). The differences in soil nitrate response to N between corn crops were small or 
not different across time. 
Results at Kanawha indicated that different sets of critical concentrations could be 
used for corn after corn (especially for continuous com) and com after soybean, and corn 
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after alfalfa (although the latter could not be determined because of lack of response). The 
ranges of nitrate critical concentrations determined with the LP model for groups of corn 
crops with similar previous crop were 14-20 mg N kg"1 for com after corn excluding second 
com after alfalfa, 21-23 mg N kg"1 for com after soybean, 25 mg N kg"1 for second corn after 
alfalfa, and 24-26 mg N kg"1 for com after oat. Critical concentrations determined with the 
QP model for the same com crops were 20-30, 29-34, 37, and 36 mg N kg"1, respectively. 
In contrast to the results from Kanawha, the results for Nashua did not show clear 
differences in critical concentrations across crops, even including com after one year of 
alfalfa. The critical concentrations determined with the LP model were 17-26 mg N kg"1 for 
corn after com and 20-22 mg N kg"1 for com after soybean whereas with the QP model were 
28-37 and 32-36mg N kg"1, respectively. These two models did not fit well to relationships 
between relative yield of corn after alfalfa and soil nitrate because of the small response 
observed. The Cate-Nelson model identified a critical concentration of 20 mg N kg"1. 
Soil nitrate critical concentrations calculated combining all com crops with 
approximately similar cropping sequences across sites showed unclear differences between 
com after corn and com after soybean. Values determined with LP and QP models were 19 
and 30 mg N kg"1 for corn after com and 21 and 33 mg N kg"1 for com after soybean. 
Critical concentrations for corn after alfalfa determined with a Cate-Nelson model were 20 
mg N kg"1. Therefore, results across both sites support guidelines for use of the LSNT test in 
Iowa that assume similar critical concentrations for corn after com or corn after soybean and 
lower for corn after alfalfa. Critical concentrations suggested with adjustments for rainfall 
and price ratios approximately encompass critical concentrations determined in this study. 
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Table 1. Crop rotations and codes for corn crops for experiments at Nashua and Kanawha. 
Site Crop sequence Corn crop studied Crop codeT 
Kanawha corn-corn-corn-corn continuous corn with spring N Csp 
continuous corn with fall N Cfl 
corn-corn-corn- oat 1st corn after oat Ccco 
2nd corn after oat cCco 
3rd corn after oat ccCo 
corn-soybean-corn-soybean corn after soybean Cs 
corn-soybean-corn-oats corn after oat Csco 
corn after soybean csCo 
corn-corn-oats-hay 1st corn after 1 year of alfalfa Ccoa 
2nd com after 1 years of alfalfa cCoa 
corn-oats-hay-hay com after 2 years of alfalfa Coaa 
Nashua corn continuous com C 
corn-soybean com after soybean Cs 
corn-corn-soybean 1st com after soybean Ces 
2nd corn after soybean cCs 
corn-corn-corn-soybean 1st corn after soybean Cccs 
2nd corn after soybean cCcs 
3rd corn after soybean ccCs 
corn-corn-oats-alfalfa 1st corn after alfalfa Ccoa 
2nd corn after alfalfa cCoa. 
t a, alfalfa; C or c, corn where a capital letter refers to continuous corn or the corn crop 
studied within the sequence; Cfl, fall N fertilization; Csp, spring N fertilization; o, oat 
undersown with alfalfa without hay harvest; s, soybean. 
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Table 2. Linear regression of soil nitrate concentration on N fertilization rate for corn crop 
groups at Kanawha (means of 10 years). 
Corn group1 Equation^ r2 P > F 
Csp Y = 6.58 +0.107 x 0.90 0.0003 
Cfl Y = 5.56 + 0.054 x 0.87 0.0007 
CO Y = 9.71 + 0.171 x 0.95 <0001 
Coaa Y = 15.97 +0.176 x 0.98 <0001 
CC Y = 8.21 +0.144 x 0.99 <0001 
f Units are mg N kg"1 for soil nitrate concentration and kg ha"1 (0 to 270) for N fertilization 
rate (x). 
| Cfl, continuous corn with fall N; CO, corn after oat; Coaa, corn after two years of alfalfa; 
Csp, continuous corn with spring N; CC, other corn crops grown in rotation. 
Table 3. Linear-plateau and quadratic-plateau models fit to 10-year mean soil nitrate 




' Equation R2 cd 
mg N kg"1 
Csp LP Y — 21.9 +4.37 X 0.75 17 
QP Y = 10.5 +7.32 X - 0.1514 X2 0.74 24 
Cfl LP Y = 27.4 + 4.82 X 0.53 14 
QP Y = 18.4 + 7.81 X - 0.1998 X2 0.52 20 
cCco LP Y = 26.3 + 4.63 X 0.74 15 
QP Y = 19.5 +6.80 X - 0.1507 X2 0.73 23 
ccCo LP Y = 37.4 + 2.98 X 0.64 20 
QP Y = 32.1 +4.32 X - 0.0721 X2 0.66 30 
Cs LP Y = 52.2 + 2.02 X 0.67 23 
QP Y = 46.9 +3.09 X - 0.0454 X2 0.67 34 
csCo LP Y = 53.2 +2.16 X 0.66 21 
QP Y = 47.0 + 3.51 X - 0.0603 X2 0.63 29 
Ccco LP Y = 76.7 + 0.86 X 0.55 26 
QP Y = 72.5 + 1.49 X - 0.0205 X2 0.52 36 
Csco LP Y = 80.1 +0.75 X 0.23 24 
QP Y = 81.8 +0.79 X - 0.0085 X2 0.23 47 
Ccoa LP Y = 73.6+1.31 X 0.33 19 
QP Y = 70.2 +2.12 X - 0.0401 X2 0.34 26 
Coaa LP Y = 89.0 + 0.27 X 0.13 na 
QP Y = 90.6 +0.18 X - 0.0008 X2 0.20 na 
cCoa LP Y = 64.7+ 1.34 X 0.54 25 
QP Y = 60.1 +2.14 X - 0.0290 X2 0.55 37 
All Crops LP Y = 16.5 +3.86 X 0.76 21 
QP Y = 9.4 + 5.61 X- 0.0886 X2 0.77 32 
f a, alfalfa; C or c, corn where a capital letter refers to continuous corn or the corn crop 
studied within the sequence; fl, fall N fertilization; o, oat undersown with alfalfa without hay 
harvested; s, soybean; sp, spring N fertilization. 
X QP, quadratic plateau; LP, linear-plateau. The QP and LP models apply for X less than or 
equal to the critical concentration, which is the values at which the plateau portion of each 
model stars. The statistical significance of the relationships always was P < 0.001, except for 
Coaa for which no model was significant at P < 0.05. 
§ CC, critical concentration. For QP and LP models CC is the concentration at which the 
linear or quadratic portions of the models join with the predicted plateau yield, na, not 
applicable (non-significant model at P < 0.05). 
Table 4. Linear-plateau and quadratic-plateau models fit to 10-year mean soil nitrate 
concentration estimated by the late-spring nitrate test at Nashua. 
Com 
cropf Model
1 Equation R2 CCS 
mg N kg 
C LP Y = 7.8 +4.84 X 0.75 18 
QP Y = 2.2 + 6.72 X-0.1171 X2 0.74 29 
ccCs LP Y = 19.5 +2.99 X 0.76 26 
QP Y = 10.1 +4.81 X-0.0653 X2 0.77 37 
cCs LP Y = -3.4 +5.64 X 0.84 17 
QP Y = -5.7 +7.06 X-0.1238 X^ 0.84 28 
cCcs LP Y = 14.1 +3.30 X 0.79 25 
QP Y = 6.4 + 4.96 X - 0.0667 X% 0.79 37 
Cs LP Y = 25.3 + 3.40 X 0.76 20 
QP Y = 26.4 + 3.92 X - 0.0537 X^ 0.75 36 
Ces LP Y = 29.6 + 3.11 X 0.80 22 
QP Y = 23.8 + 4.50 X -0.0669 X^ 0.79 34 
Cccs LP Y = 38.0 +2.78 X 0.70 22 
QP Y = 32.0 +4.19 X-0.0656 X^ 0.68 32 
cCoa LP Y = 26.0 +2.86 X 0.81 25 
QP Y = 14.0 + 4.91 X-0.0704 X2 0.82 35 
Ccoa LP Y = 758 +0.87 X 0.52 29 
QP Y = 67.0+ 1.74 X-0.0226 X^ 0.53 39 
All crops LP Y = 16.5 +3.86 X 0.76 21 
QP Y = 9.4 + 5.61 X - 0.0886 X% 0.77 32 
t a, alfalfa; C or c, corn where a capital letter refers to continuous com or the corn crop 
studied within the sequence; o, oat undersown with alfalfa without hay harvest; s, soybean; 
$ QP, quadratic plateau; LP, linear-plateau. The QP and LP models apply for X less than or 
equal to the critical concentration, which is the values at which the plateau portion of each 
model starts. The statistical significance of the relationships always was P < 0.001. 
§ CC, critical concentration. For QP and LP models CC is the concentration at which the 
linear or quadratic portions of the models join with the predicted plateau yield. 
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Table 5. Linear-plateau and quadratic-plateau models fit to 10-year mean soil nitrate 
concentration estimated by the late-spring nitrate test at Kanawha and Nashua. 
Corn GroupT Model1 Equation R2 CC* 
CC LP Y = 22.8 + 3.75 X 0.68 
mg N kg"1 
19 
QP Y = 16.0 +5.47 X-0.0920 X2 0.68 30 
CS LP Y = 40.3 + 2.69 X 0.68 21 
QP Y = 36.6 + 3.73 X - 0.0560 X% 0.67 33 
CA LP Y = 83.6 +0.52 X 0.30 29 
QP Y = 84.1 +0.58 X-0.0053 X^ 0.33 54 
All crops LP Y = 29.9 +3.56 X 0.64 19 
QP Y = 19.2 + 5.94 X-0.1129 X2 0.65 26 
t CC, Corn after corn; CS, corn after soybean; CA, corn after alfalfa or oat. All crops include 
corn crops in Nashua and Kanawha. 
J QP, quadratic plateau; LP, linear-plateau. The QP and LP models apply for X less than or 
equal to the critical concentration, which is the values at which the plateau portion of each 
model starts. The statistical significance of the relationships always was ?<0.001. 
§ CC, critical concentration. For QP and LP models CC is the concentration at which the 
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Figure 1. May-June precipitation (a), May-June mean temperature (b), and mean annual soil 
nitrate concentration from 1994 to 2004 at Kanawha. Mean precipitation and mean 











































Figure 2. May-June precipitation (a) May-June mean temperature (b), and mean annual soil 
nitrate concentration from 1994 to 2004 at Nashua. Mean precipitation and mean 
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Figure 3. Regression of annual soil nitrate concentration on May-June mean temperature and 
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Figure 4. Rotation and N rate effects on soil nitrate concentration during 10 years for 
Kanawha (1994-2004). Vertical bars represent an LSD value (P < 0.05) appropriate for 
testing corn crops at the same N rate. The N rates that produced the maximum soil nitrate 
concentration (P < 0.5) were 0 kg N ha"1 for Cfl, 270 kg N ha"1 for cCco, and ccCo; and 180 
kg N ha"1 for all others (a, alfalfa; C or c, corn where a capital letter refers to continuous corn 
or the corn crop studied within the sequence; Cfl, corn with fall N application; Csp, 
continuous corn with spring N application; o, oat undersown with alfalfa without hay 
harvested; s, soybean). 
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Figure 5. Rotation and N fertilization effect for soil nitrate concentration at Kanawha (1994-
2004). Vertical bars represent LSD (P < 0.05) to compare results for each rate within each 
year (a, alfalfa; C or c, corn where a capital letter refers to continuous corn or the corn crop 
studied within the sequence; Cfl, corn with fall N application; Csp, continuous corn with 

























0 . ccCs 
A cCs 






270 90 180 
N rate ( kg N ha"1) 
Figure 6. Rotation and N rate effects on soil nitrate concentration during 10 years for Nashua 
(1994-2004). Vertical bars represent an LSD value (P < 0.05) appropriate for testing corn 
crops at the same N rate. The N rates that produced the maximum soil nitrate concentration 
(P < 0.05) were 180 kg N ha"1 for cCs, Cs, Cccs; and 270 kg N ha"1 for all rest (a, alfalfa; C 
or c, corn where a capital letter refers to continuous corn or the corn crop studied within the 












1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 
1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 
Figure 7. Rotation and N fertilization effect for soil nitrate concentration at Nashua (1994-
2004). Vertical bars represent LSD (P < 0.05) to compare results for each rate within each 
year (a, alfalfa; C or c, corn where a capital letter refers to continuous corn or the corn crop 
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Figure 8. Relationship between relative corn yield and soil nitrate concentration at Kanawha 
(a, alfalfa; C or c, corn where a capital letter refers to continuous corn or the corn crop 
studied within the sequence; Cfl, corn with fall N application; Csp, continuous corn with 
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Figure 9. Relationship between relative corn yield and soil nitrate concentration at Nashua 
(a, alfalfa; C or c, corn where a capital letter refers to continuous corn or the corn crop 
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Figure 10. Relationship between relative corn yield and soil nitrate concentration combined 
across Nashua and Kanawha. CA, corn after alfalfa; CC, corn after corn, and CS, corn after 
soybean. 
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CHAPTER 4. GENERAL CONCLUSIONS 
Corn production is important activity for the economy of the Midwest. Nitrogen is an 
essential nutrient, and the corn N requirements usually have to be met with N fertilizer that 
supplements soil N supply. Increasing concerns about production cost and environmental 
impacts of N fertilization require a better assessment of long-term effects of cropping 
sequences and N fertilization on corn yield to improve N management. This research 
involved two studies based on long-term crop rotation and N fertilization experiments. The 
objective of the first study was to analyze effects of cropping sequences and N fertilization 
on yield and yield stability of corn. The objectives of the second study were to evaluate the 
effect of cropping rotations and N fertilization rates for corn on soil N nitrate concentration 
and the performance of the LSNT to assess N availability for corn. The experiments were 
near Kanawha (20 yrs) and Nashua (26 yrs), and N fertilization rates were 0, 90, 180, 270 kg 
N ha"1 applied only for corn. Rotations in Kanawha were continuous corn with spring N 
(Csp), continuous corn with fall N (Cfl), corn-corn-corn-oats, corn-soybean, corn-soybean-
corn-oats, corn- com-oats-alfalfa, and com-oats-alfalfa-alfalfa. Rotations in Nashua were 
continuous com (C), corn-soybean, com-com-soybean, corn-com-com-soybean, and corn-
corn-oats-alfalfa. 
The results of the yield study indicated a clear rotation effect that resulted in higher 
com yield levels at both sites that could not be achieved by application in spring of up to 270 
kg N ha"1. The yield increase compared with continuous com was higher for first com after 
one or two years of alfalfa (11 %) than after oat undersown with alfalfa (14 %) or after 
soybean (10 %). These results confirm results of previous research in showing increased soil 
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N availability after legumes. First-year corn after alfalfa, oat undersown with alfalfa, or 
soybean had lower fertilizer-N requirements than continuous corn or second and third corn 
crops after these other crops. An important result of this study was that continuous corn and 
second- or third-year corn after legumes had statistically similar N fertilizer requirements. 
The frequency by which an N rate produced statistically maximum corn yield each year (the 
lowest among N rates) across both sites was 0 % for first corn after one year of oat 
undersown with alfalfa followed by 2 years of alfalfa (only at Kanawha), 46 % for first corn 
after one year of oat undersown with alfalfa followed by one year of alfalfa, 50 % for first 
corn after one year of oat undersown with alfalfa (only at Kanawha), 93 % for first corn after 
soybean, 91 % for second- or third-year corn after any other crop, and 100 % for continuous 
corn with spring N. The N rate needed to attain maximum corn yield did not change 
consistently over time even though corn yield increased over time. Furthermore, the N rates 
that resulted in highest net returns to N did not change consistently over time, although net 
returns tended to increase because of increasing yield trends with fertilization. Comparisons 
of fall and spring N fertilization for continuous corn at Kanawha demonstrated that on 
average fall N was less efficient than spring N for all rates of N (8.7 % less on average). In 
both sites adequate N fertilization and inclusion of legumes as alfalfa and soybean in the 
rotation increased corn yield stability. Moreover, adequate or above optimum N fertilization 
rates and rotation with legumes allowed for more complete expression of increasing yield 
potential of corn hybrids. 
The results of the second study showed higher concentrations of soil nitrate for corn 
after alfalfa and corn with N fertilization. At Kanawha, continuous corn fertilized in spring 
had higher soil nitrate concentration than com fertilized in the fall. Fertilization increased 
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soil nitrate concentration for all corn crops linearly and rates of increase were statistically 
similar for all crops at each site with the exception of Kanawha, where rates of nitrate 
increase were smaller for continuous corn. Results at Kanawha suggested that different sets 
of critical concentrations could be used for com after com, com after soybean, and corn after 
alfalfa, although the latter could not be reasonably determined due to lack of response. For 
example, the range of nitrate critical concentrations determined with the LP model were 14-
20 mg N kg"1 for com after com excluding second corn after alfalfa, 21-23 mg N kg"1 for 
corn after soybean, 25 mg N kg"1 for second corn after alfalfa, and 24-26 mg N kg"1 for com 
after oat. However, results at Nashua did not show clear differences between corn after corn 
and corn after soybean. Critical concentration ranges as defined by the LP and QP models 
were 19-30 mg N kg"1 for of com after com and 21-33 mg N kg"1 for corn after soybean. 
These models did not fit reliably to data from corn after one year of alfalfa, and the critical 
concentration determined with a Cate-Nelson model was 20 mg N kg"1. The results across 
both sites support guidelines for use of the LSNT test in Iowa that assume similar critical 
concentrations for com after corn or com after soybean and lower concentrations for corn 
after alfalfa. Currently suggested critical concentrations with adjustments used for rainfall 
and price ratios approximately encompass critical concentrations determined in this study. 
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